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Antimicrobial resistance (AMR) or the ability of a microorganism to resist the action 

of an antimicrobial agent is an increasingly serious issue facing global public health 

that requires a drastic and immediate intervention of all government sectors and 

society [1]. AMR causes life-threatening infections such as wound and lung infections 

that lead to high costs to society and public health systems due to long hospital stays 

and expensive drug therapies [2]. Worryingly, AMR is reported to have recently 

increased in children [3].  

Colistin and amikacin represent the antibiotics of choice to fight against gram-

negative resistant wound and lung infections, but their use is greatly limited due to 

their high toxicity. Thus, new strategies should be investigated to provide safe and 

effective treatments. In this regard, lipid-based delivery systems, especially 

nanostructured lipid carriers (NLCs), could represent an interesting approach for their 

high drug intracellular uptake and controlled release [4]. Both phenomena could 

enable dose reduction and, consequently, drug toxicity may also decrease [5].  

In this review, origin and consequences of AMR along with the general mechanisms 

of resistance of gram-negative bacteria (Pseudomonas aeruginosa, Acinetobacter 

baumannii and Klebsiella pneumoniae), classified as a global critical priority, will be 

described [6,7]. In addition, the fragile balance between efficacy and toxicity of 

colistin and amikacin, two of the antibiotics capable of tackling such difficult 

infections, will be analyzed. Besides, lipid-based drug delivery systems (LBDDSs), 

will be critically evaluated as novel and effective strategies for antibiotic delivery in 

wound and lung infections, highlighting NLCs as a promising approach to fight 

against AMR. 

1. Origins and consequences of AMR 

Antibiotics are the trigger of the current and problematic global AMR. It all started 

with the discovery of penicillin by Alexander Fleming in 1928, considered as a 

miracle drug revolutionizing medicine during the past half of the 20th century [8]. 

Nevertheless, first warning signs came to light soon when an Escherichia coli 

penicillinase was identified in 1940, a year before penicillin commercialization [9]. 

However, penicillin resistance quickly worsened from 1943, due to its extensive use. 

In 1945 four Staphylococcus aureus strains were found to overcome the action of 
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penicillin in hospitalized patients [10]. In 1955 it was already clear that the more 

antibiotics used the more resistant strains rapidly emerged, easily spreading within 

hospital or clinical settings by the frequency and the intimacy of contacts [11]. 

Notwithstanding such early warnings, antibiotics have been overused for the last 75 

years, and it seems their use dated back to 2,000 years ago, since a recent study 

confirmed that some populations from Sudanese Nubia regularly consumed 

tetracycline, most likely within beer [12]. Besides, the Center for Disease Control and 

Prevention (CDC) has recently estimated that at least 30 % of all antibiotics prescribed 

in hospitals of United States are unnecessary or incorrectly prescribed [13]. For all 

these reasons, it is no surprise that AMR has spread worldwide at an ever-faster rate. 

Nowadays, antibiotic abuse is generating all sorts of antibiotic resistant bacteria and 

antibiotic resistant genes, significantly affecting humans directly and indirectly, since 

both can be frequently found in daily meals, in drinking water and even in the 

atmosphere [14-16]. Consequently, more resistant bacteria are constantly burgeoning, 

leading to the emergence of the so-called “superbugs”. The term superbug refers to 

microbes with multiple mutations endowing high levels of resistance to those 

antibiotics specifically recommended for their treatment. Superbugs are so 

widespread and complex that were classified depending on their resistance pattern so 

that epidemiological surveillance data could be collected and compared crosswise 

healthcare settings of several countries [17]. Consequently, these multidrug-resistant 

and extensively drug-resistant bacteria are considered as the most menacing factor for 

global mortality and morbidity. Moreover, it should be noted that the development of 

new effective antimicrobial agents is not as fast as the appearance of new resistant 

strains, perpetuating AMR as a serious threat for human health. It is discouraging how 

antibiotic discovery, always considered as one of the most significant health-related 

events of modern times, is turning into a double-edged sword, approaching today an 

apocalyptic scenario in which AMR is just as important as climate change [18]. Recent 

forecasts highlighted such alarming situation. In 2018, CDC estimated that annually 

two million people, in United States alone, were struck by antibiotic-resistant 

infections that led to 23,000 deaths [19]. In 2019, the Word Health Organization 

(WHO) reported that 25,000 patients died every year in the European Union because 

of nosocomial serious resistant bacterial infections and at least 700,000 people 

perished worldwide for the same reason according to the most recent available data 
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[20-22]. Dame Sally Davies, the England Chief Medical Officer, considered the 

strong probability of AMR becoming a massive killer by 2040 and, if no action is 

taken, antimicrobial resistance will probably lead to 10 million deaths worldwide by 

2050, surpassing cancer deaths and costing up to $ 100 trillion [23-25]. Figure 1 shows 

a general overview of the current AMR situation [22]. The left side represents the 

global expected distribution of deaths associated to AMR by 2050, while, the right 

side illustrates the last reported data for casualties due to climate change, cancer and 

AMR [18,21,22,24]. 

Figure 1. Global overview of AMR issue. Left side, global expected distribution of deaths associated to 

AMR by 2050; right side, last reported data for climate change, cancer and AMR related deaths. 

Reproduced and adapted from The Review on Antimicrobial Resistance chaired by Jim O’Neill (©2016) 

[22].  

2. General mechanisms of resistance of gram-negative bacteria 

Skin and respiratory tract have higher probability of infection being in direct contact 

with the external environment. Elderly and immunocompromised patients, as well as 

those with comorbidities, are at greater risk specially in a clinical environment where 

superbugs are easily found [26]. Once a resistant infection is established, bacteria 

create persistent and almost impossible-to-eradicate biofilm or more infiltrating 

infections, directly affecting epithelial integrity, cell migration and proliferation, and 

hampering the general wound repair mechanisms and the standard airway epithelial 

functions [26]. Over thousands of years, bacteria have developed different defense 

mechanisms as a natural process to survive the adversities [27]. Gram-negative 

mechanisms of resistance can be divided into three general groups, i.e. intrinsic, 

adaptive and acquired. However, the boundaries among them are not easily 
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identifiable as bacteria can use one, two or the three types of mechanisms 

simultaneously [28]. Intrinsic resistance is the natural ability of an organism to resist 

antimicrobial treatments by means of modulating both the permeability of the outer 

membrane and the non-specific drug efflux pumps, along with the production of 

antibiotic inactivating enzymes. Adaptive resistance arises from differential gene 

expression that allows bacteria to react to external stress, resulting in lifestyle changes 

such as formation of biofilms or persistent cells. Acquired resistance is the most 

common type of clinical AMR and consists of acquisition of mutations or genes to 

withstand a particular antibiotic by an antibiotic-sensitive organism (e.g. genes coding 

for β-lactamase enzymes or mutations in bacterial target proteins). Figure 2 

summarizes the intrinsic, adaptive and acquired antimicrobial resistance mechanisms 

frequently arisen in gram-negative bacteria, such as P. aeruginosa, K. pneumoniae 

and A. baumannii, responsible for two-thirds of AMR related deaths in Europe [28]. 

Figure 2. Schematic representation of intrinsic, adaptative and acquired antimicrobial resistance 

mechanisms in gram-negative bacteria. Intrinsic resistance consists of decreased outer membrane 

permeability, over-expression of efflux pump and production of antibiotic inactivating enzymes such as β-

lactamases. Adaptative resistance occurs when the gene expression changes because of an overexposure to 

antibiotics and environmental stress. Acquired resistance is driven by mutation and horizontal gene transfer. 
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Bacteria can use two or three mechanisms simultaneously; thus, boundaries among them are not clearly 

distinguishable. 

3. Colistin and Amikacin as effective but toxic antibiotics 

Despite those problematic mechanisms of resistance, colistin and amikacin, both 

alone or in combination, have proven their high efficacy in clinical settings. Thus, 

their use has exponentially increased in the last years as an effective weapon against 

AMR [29]. Colistin, also known as polymyxin E, was isolated in 1947 from the 

bacterium Paenibacillus polymyxa. Colistin is a polycationic antibiotic, which targets 

the outer cell membrane of gram-negative bacteria. There, the α,γ-diaminobutyric acid 

from colistin competitively displaces cations Ca2+ and Mg2+ placed in the phosphate 

groups of the lipopolysaccharide (LPS) lipid A region, causing LPS disruption, 

membrane permeability and consequent bacterial death [30]. Currently, colistin 

methanesulfonate (CMS), representing the colistin inactive prodrug, is the preferred 

form for parenteral route due to its lower toxicity compared to colistin [31]. On the 

other hand, amikacin, an aminoglycoside antibiotic, was introduced in 1977 and 

represents one of the most successful semisynthetic aminoglycosides synthesized by 

acylation with the l-(−)-γ-amino-α-hydroxybutyryl side chain at the C-1 amino group 

of the deoxystreptamine moiety of kanamycin A. Amikacin primary mechanism of 

action implies binding the bacterial 30S ribosomal subunits reducing ribosome 

proofreading capabilities and increasing mistranslation. This leads to impairment of 

protein synthesis and production of toxic or non-functional peptides [32]. It is 

noteworthy to mention that colistin and amikacin have broadly demonstrated their 

efficacy in chronic infections caused either by a single strain or by a combination of 

different bacteria. For instance, persistent wound infections are characterized by the 

ordinary presence of S. aureus, P. aeruginosa, Proteus mirabilis, E. coli and 

Corynebacterium. In addition, S. aureus/P. aeruginosa association shows the highest 

resistance to the majority of antibiotics used for gram-negative bacteria, for which the 

only effective treatment would be amikacin [33]. A study carried out in major burn 

wounds revealed that the top isolated multiresistant pathogen was A. baumannii, 

followed by Pseudomonas, both of them sensitive just to colistin and amikacin [34]. 

Regarding lung infections, Streptococcus pneumoniae, Haemophilus influenzae, S. 

aureus, Mycobacterium tuberculosis, K. pneumoniae, P. aeruginosa and Moraxella 
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catarrhalis have proven to be the most common causes of bacterial pneumonia in 

normal host [35,36]. In this regard, colistin and amikacin have been found promising 

in the treatment of resistant lung bacterial infections [37,38]. Therefore, the need for 

beating superbugs resulted in the recent re-introduction of colistin and amikacin into 

clinical practice, despite their replacement in the 1970s by less toxic antibiotics 

[39,40]. In fact, colistin and amikacin are both neurotoxic, although severe renal 

impairment is their worst reported side effect. Ototoxicity is also an added amikacin 

adverse effect. It is well known that related toxicity is dose-dependent and correlates 

with long exposure to therapy, usually becoming irreversible. The incidence of acute 

kidney injury ranges from 16.2 % to 77.5 % for colistin and 56,7 % for amikacin, 

probably depending on the general patient health condition prior to the infection 

outbreak [41,42]. Instead, ototoxicity associated to amikacin reported incidences 

between 15 % and 47 % [43,44], depending on age, genetic mutations or the 

concomitant use of other ototoxic drugs [45]. Therefore, physicians are currently 

bound to juggle safe and effective doses, aided by the Sanford Guide to Antimicrobial 

Therapy [46]. However, even then, the rate of premature treatment interruption to 

avoid potentially serious health risks is really high. As a matter of fact, acute kidney 

injury has reported to usually appear within the first 72 hours after colistin treatment 

[47]. A retrospective study carried out in a tertiary care medical center showed that 

21 % of patients had to stop colistin therapy due to significant nephrotoxicity [48]. 

Another retrospective study revealed that around 36 % of patients suffering 

pulmonary infection had to stop amikacin treatment due to toxic adverse effects [49]. 

Figure 3 summarizes the last reported data regarding colistin and amikacin nephro- 

and ototoxicity and the consequential prevalence of treatment interruption.  
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Figure 3. Colistin and amikacin toxicity overview and prevalence of treatment interruption.  

4. Preventive, corrective measures and current clinical strategies against AMR 

Colistin and amikacin are effective for defeating gram-negative resistant infections; 

however, their high toxicity represents a major drawback and limits their use against 

AMR. Thus, both preventive and corrective measures must be considered together 

with effective clinical strategies to appropriately tackle AMR. As preventive 

measures, one of the most recent global efforts is represented by “the AMR 

Challenge”, in which countries from all over the world are committed to fight together 

against antimicrobial resistance [50]. Besides, a strict control of daily antibiotic use, 

education of clinicians, antibiotic rotation/combination, vaccines and prediction tools 

for future bacterial mutations have been taken into account during the last years [51-

53]. In addition, corrective measures, such as the creation of several global funds to 

enhance the infrastructure for public health surveillance or the improvement of 

identifying resistant bacteria, have significantly progressed in the last years. In the 

same line, alternative novel products, such as metal nanoparticles, vaccines together 

with genetically engineered bacteria and photodynamic therapy, among others, have 

been developed [54-56]. However, so far, dose adjustment and combination therapy 

are the most used approaches in clinical settings, both established taking into account 

pharmacokinetic parameters, such as patient creatinine clearance (CrCl) and drug 

target plasma concentration. Finding the correct antibiotic dose represents a major 
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drawback in critically ill patients since a variety of alterations, such as increased 

volume of distribution, modification of serum protein levels and binding, organ 

dysfunction and variation in clearance, are common and lead to relevant 

pharmacokinetic changes [57]. For these reasons, clinically desirable colistin average 

steady-state plasma concentration (Css, 2 mg/L) and amikacin peak serum 

concentration (64 mg/L) cannot be easily reached in critically ill patients [57-59]. In 

this regard, substantial interpatient variation in the colistin average Css was observed 

even in those patients with similar CrCl [60]. Two studies clarified that standard 

colistin administration schedule was not effective, leading to suboptimal plasma 

concentrations [61,62]. A recent study in critically ill elderly patients also showed that 

standard amikacin dose (15 mg/kg/day) was not sufficient to achieve the desired peak 

serum concentration and just 40 % of patients receiving the highest dose (25 

mg/kg/day) reached the target level [63]. Those results were confirmed by another 

study, in which a 30 mg/kg/day dose was tested revealing that only 76 % of critically 

ill patients reached the target concentration [64]. In this respect, therapeutic drug 

monitoring (TDM) appeared as an essential technique to avoid sub-therapeutic dosing 

and, consequently, the appearance of antibiotic resistance and therapeutic failure [65]. 

In fact, Ehrentraut et al. confirmed that the absence of TDM might be unsafe and 

guideline adherence did not ensure efficient colistin target levels in critically ill 

patients [66]. In contrast, TDM involvement resulted in a successful adjustment of 

antibiotic therapy in patients with severe infection [67,68]. It should be noted that 

when there are no risk factors, combination therapy represents another interesting 

approach to bypass TDM and reduce health care cost. A prospective, randomized, 

single-blind study performed in a group of 152 patient showed that TDM exclusion 

could significantly decrease direct cost of about 235,410 € per 1000 patients/year 

when amikacin was combined with other antibiotics [69]. In the case of multidrug 

resistant A. baumannii, colistin and amikacin combination was necessary to avoid 

patient death [70]. However, similar studies in severe ill patients are still lacking, 

mostly because colistin needs to be used cautiously, especially when combined with 

other nephrotoxic agents, such as amikacin, and the risk-benefit ratio is not so 

favorable.  
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5. Lipid-based drug delivery systems as a new successful strategy  

As previously indicated, total eradication of AMR appears to be some way off. Novel 

and better tools are required, regarding not only design or discovery of new drugs, but 

also administration methods of existent effective antibiotics, such as colistin and 

amikacin. In this sense, the main focus is not only to improve treatment efficacy, but 

also and most important to reduce their toxicity. To this end, novel drug delivery 

systems allow drug release in a controlled and localized manner. Accordingly, it 

seems that nanocarriers, as nanotechnology-based formulations, represent an 

excellent choice for overcoming limitations associated with antibiotic drug therapy, 

especially referring to toxicity [71]. Among nanocarriers, lipid-based drug delivery 

systems (LBDDSs), such as liposomes, solid lipid nanoparticles (SLNs) and 

nanostructured lipid carriers (NLCs), are considered as the most promising approach 

due to their biocompatibility, safety and capability to improve lipophilic drug 

disposition. Liposomes were invented in 1965 and have been used for pharmaceutical 

and cosmetic applications for several years despite their limited stability and poor 

encapsulation efficacy. It was only in 1990 that SLNs and NLCs were identified as 

improved substitutes to liposomes. SLNs are composed of solid lipids, are more stable 

and suitable for high scale production but their crystalline structure lead to a low drug 

incorporation rate. Instead, NLCs were developed at the end of the 1990s as a response 

to SLN drawbacks and represent the ultimate enhanced version of LBDDSs. NLCs 

are composed of a blend of solid and liquid lipids, forming an irregular structure, 

which confers high stability, enhanced loading capacity and prevents drug expulsion 

during storage. All of the abovementioned LBDDSs have already shown improved 

efficacy compared to free antibiotic administration, showing that lower doses of 

colistin- and amikacin-encapsulated LBDDSs are just as effective as higher doses of 

free antibiotics [72]. Hence, LBDDSs represent a valuable strategy for toxicity 

reduction mainly due to the use of lower amounts of drug. Figure 4 represents an 

overview of LBDDS most important features. In the following sections, the most 

relevant studies about liposomes, SLNs and NLCs loaded with colistin or amikacin 

with intended use against resistant strains for lung and wound infections are reported 

and critically discussed.  
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Figure 4. LBDDS most important characteristics. Liposomes present an external phospholipid bilayer and 

a liquid aqueous core. Their major drawbacks are a very low physical stability, due to aggregation or fusion 

upon storage, along with a very low drug loading. SLNs consist of an external surfactant monolayer and a 

solid lipid core that can be compared to a “symmetric brick wall”. Their stability is low due to important 

structural reorganizations over time, which lead to a denser packaging and a low drug loading. NLCs 

represent the last improved version of LBDDSs. They are composed of an external surfactant monolayer 

and an internal matrix containing both solid and liquid lipids, with a structure similar to a “welsh natural 

stone”. This type of matrix confers high stability, since no structural changes occur over time, which also 

guarantees high drug loading. 

6. Colistin LBDDSs for resistant lung and wound infections 

Although colistin and liposomes were both available in 1965, it was in the last decade 

when the first investigations were carried out to develop colistin-loaded liposomes for 

lung infections. In 2012, Wallace et al. studied the interactions between colistin and 

the liposome matrix in order to anticipate any possible limitation for pulmonary 

inhalation [73]. Results showed a low encapsulation efficiency (EE) of approximately 

50 %, confirming the need to improve the formulation. Thus, some authors tried to 

enhance colistin-bilayer electrostatic attraction modifying liposomes with sodium 

cholesteryl sulphate (Chol-SO4
-) [74]. As expected, EE reached 86 % compared to 

60.7 % of the control formulation. This optimized formulation was also administered 

by intratracheal instillation resulting in improved therapeutic efficacy in a murine 

pulmonary P. aeruginosa infection model compared to the colistin solution [75]. This 

research group also performed the first intravenous biodistribution study 

demonstrating that liposomal colistin-Chol-SO4
- needed to be PEGylated to avoid 
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lung embolism [76]. Worryingly, colistin-Chol-SO4
- formulation showed significant 

lung affinity and a rapid and extremely high accumulation early after injection 

producing aggregation. Therefore, PEGylation achieved prolonged blood circulation 

and homogeneous distribution among lungs, kidneys and spleen avoiding this 

undesirable effect (Figure 5).  

Figure 5. (A) in vivo and (B) ex vivo fluorescence imaging of Balb/c nude mice after intravenous 

administration of DiR-labeled liposomal colistin-Chol-SO4
- and its PEGylated form; (C) semi-quantitative 

results for fluorescence signal from lung, liver, spleen and kidney at different time points after both DiR-

labeled formulation injection. PEGylation achieved prolonged blood circulation and homogeneous 

distribution, avoiding liposome aggregation in lungs. Reproduced and adapted from Joseph Li et al. 

(©2016)[76].  

Taking advantage of its membrane permeabilizing ability, colistin has been also 

loaded in liposomes along with azithromycin. Consequently, when colistin was 

incorporated into the formulation, azithromycin release raised from 4.9 to 30 % 

enhancing azithromycin effectiveness [77]. Colistin has also been combined with 

ciprofloxacin for liposomal co-delivery. This combined liposomal formulation 

showed in vitro safety and achieved the same in vitro antimicrobial activity against 

multidrug resistant P. aeruginosa as those of monotherapies [78]. An in vitro 

evaluation in a human lung epithelial cell model also revealed that colistin and 

ciprofloxacin liposomal combination could enhance drug retention on the lung 

epithelial surfaces [79]. In addition, an inhalable powder of colistin and ciprofloxacin 

co-loaded liposomes displayed superior antibacterial activity against two clinical 
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isolates of P. aeruginosa compared to each antibiotic per se [80]. Therefore, this 

combined formulation represents a promising approach to treat multidrug resistant P. 

aeruginosa respiratory infections although further in vivo preclinical safety studies are 

required. Regarding other LBDDSs, colistin had also been encapsulated into SLNs 

and NLCs. Colistin-SLNs proved enhanced efficacy against P. aeruginosa clinical 

isolates from cystic fibrosis (CF) patients eradicating biofilm compared to the free 

drug and a similar activity when tested with planktonic bacteria [81]. Other 

investigation focused on the treatment of P. aeruginosa revealed that SLNs and NLCs 

loaded with CMS presented the same in vitro efficacy against mucoid P. aeruginosa 

strains isolated from CF patients; nonetheless, CMS-NLCs showed interesting 

advantages such as superior EE, increased drug release and lower toxicity compared 

to CMS-SLNs [82]. Likewise, stability regarding both CMS-NLC antibacterial 

activity and physic-chemical properties were maintained over a year at 5 and 25 °C 

with 60 % relative humidity [83]. Besides, spatiotemporal dependence of P. 

aeruginosa biofilm viability analyzed after colistin-NLC treatment showed 75 % of 

cell death vs 20 % for free colistin in just 20 min [84]. These results are consistent 

with our study proving preclinical safety and effectiveness of CMS-NLCs [5]. Briefly, 

CMS-NLCs administered following pulmonary and intramuscular (IM) routes in an 

acute mouse pneumonia model showed on the one hand to be safe, even when 

doubling the dose and, on the other hand, to be as effective as free CMS when used at 

10-fold and 50-fold lower doses for pulmonary and IM administration, respectively. 

Moreover, biodistribution studies of infrared labeled NLCs (IR-NLCs) administered 

by the pulmonary route showed that IR-NLCs were mainly biodistributed in lungs and 

to a lesser extend in liver, maintaining the signal in lungs high and homogeneous after 

48 h. When repeated doses were administered at 24 and 48 h, signal in lungs increased. 

IR-NLC IM administration initially revealed the highest signal at the injection site and 

then transferred to other organs, such as the liver and gallbladder. When repeated 

doses were administered, signal increased following the former distribution. 

Biodistribution images of IR-NLCs are represented in Figure 6. In addition, our recent 

in vivo study revealed that intraperitoneal (IP) CMS-NLC administration showed 

superior efficacy than the intramuscular route using 40-fold lower CMS total dose in 

a pulmonary infection model produced by an extensively drug-resistant A. baumannii 

strain [85]. Such results are extremely promising considering the high toxicity of free 
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colistin. Thus, such dose reduction by means of NLC formulation could be a potential 

strategy to achieve safer and more affordable treatments against multiresistant gram-

negative lung infections. 

 

Figure 6. Biodistribution study. (A) IR-NLC distribution after nebulization by Microsprayer® aerosolizer. 

(B) IR-NLC biodistribution after IM administration. Reproduced and adapted from Marta Pastor et al. 

(©2019) [5].  

Oddly enough, no studies regarding colistin LBDDSs for wound infections have been 

published so far, although it will be only a matter of time. In fact, our research group 

has already performed preliminary safety studies for topical administration of blank 

NLCs, both on intact and impaired skin, demonstrating safety for such type of 

application [86]. In essence, colistin-NLC topical administration for infected wounds 

could represent an interesting niche opportunity to be exploited.  

A summary of all reported colistin LBDDSs for pulmonary infections is provided in 

Table 1.  
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Table 1. Summary of colistin-loaded LBDDs used for pulmonary infections.  

LBDDS Antibiotic 
Type of 

study 
Bacteria 

Administration 

route 
Results Ref. 

L
ip

o
so

m
es

 

 

Colistin      

CMS 
in vitro - - 

Both colistin- and CMS-loaded liposomes were considered unsuitable for in vivo 

pulmonary inhalation due to their in vitro colloidal instability and rapid antibiotic 

release. 

[73] 

Colistin in vivo - Intravenous 

Colistin-entrapped liposomes of Chol-SO4
- and coated Chol-SO4

-/colistin 

complex liposomes improved colistin EE and enhanced pharmacokinetics 

compared to a free colistin solution. Pegylated colistin-entrapped liposomes of 

Chol-SO4
- reduced aggregation and transient embolism in lung capillaries. The 

pegylated formulation significantly increased the maximum-tolerated dose, 

prolonged blood circulation and decreased colistin distribution in kidney. 

[74,76] 

Colistin in vivo - 
Intratracheal 

instillation 

Colistin-entrapped liposomes of Chol-SO4
- presented an enhanced antibiotic EE. 

In addition, a superior therapeutic efficacy was achieved due to a higher colistin 

retention in lungs and a consequent lower systemic biodistribution. 

[75] 

Colistin 

Azithromycin 
in vitro - - 

Azithromycin liposomes and colistin-azithromycin liposomes were successfully 

produced. Azithromycin liposomes showed high EE (> 98 %) but a slow drug 

release (4.9-22 %). Colistin co-encapsulation did not change azithromycin EE; 

but considerably accelerated its release, probably due to the colistin 

permeabilizing ability, enhancing azithromycin effectiveness. 

[77] 

Colistin 

Ciprofloxacin 
in vitro P. aeruginosa - 

Colistin and ciprofloxacin liposomes showed an EE of 67 % and 85.2 %, 

respectively. Incorporation of colistin significantly accelerated ciprofloxacin 

release. In vitro cytotoxicity assays confirmed that liposomes were safer than a 

[78,79] 
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free antibiotic solution, presenting an improved in vitro activity compared to the 

monotherapies. No toxicity was found in an in vitro lung epithelial model and, in 

addition, liposomes tended to be trapped within the mucus or on the cell 

monolayer, which could improve the drug retention time at the infection sites 

further promoting antibiotic sustained release. 

Colistin 

Ciprofloxacin 
in vitro P. aeruginosa - 

An inhalation dry powder formulation comprising colistin and ciprofloxacin co-

loaded liposomes was prepared by the ultrasonic spray-freeze-drying technique. 

The optimized formulation containing 5 μg/mL colistin and 20 μg/mL 

ciprofloxacin was not cytotoxic in A549 epithelial alveolar cells. In addition, 

liposomal formulation displayed superior antibacterial activity against clinical 

isolates of P. aeruginosa compared to each antibiotic per se. 

[80] 

S
L

N
s 

an
d
 N

L
C

s 

 

Colistin in vitro P. aeruginosa - 

Colistin-SLNs and colistin-NLCs were tested against different P. aeruginosa 

clinical isolates from CF patients in planktonic cultures and biofilm. Colistin-

SLCs were less active than colistin-NLCs, which also showed the same in vitro 

antimicrobial activity as the free drug against planktonic bacteria, but a 

considerably higher effectiveness eradicating biofilm. 

[81,84] 

CMS in vivo P. aeruginosa 
Pulmonary 

nebulization 

Nebulization through a mesh vibrating nebulizer did not affect CMS-SLN and 

CMS-NLC integrity. Both nanoparticles appeared to be less toxic than free CMS 

in cell culture. In vivo biodistribution studies showed that nanoparticles, especially 

NLCs, spread homogenously through the lung and that no lipid nanoparticle 

migration occurred to other organs. Only CMS-NLCs maintained the antibacterial 

activity and suitable physic-chemical properties over a year.  

[82,83] 
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CMS in vivo P. aeruginosa 
Pulmonary 

Intramuscular 

CMS-NLCs were effective in a mouse acute pneumonia model. No toxicity was 

reported and nanoparticles distributed efficiently through the lung and liver after 

both pulmonary or intramuscular administrations. 

[5] 

CMS      

Amikacin 
in vivo 

 

P. aeruginosa 

K. pneumoniae     

A. baumannii 

 

Intraperitoneal 

Intramuscular 

Both CMS-NLCs and amikacin-NLCs were successfully produced through high 

pressure homogenization. The in vivo study carried out in a neutropenic mouse 

acute pneumonia model infected with A. baumannii demonstrated that CMS-

NLCs achieved the same effect as free CMS with a 10-fold dose reduction and a 

considerably more spaced administration (6mg/kg q24h vs 60mg/kg q6h). 

[85] 
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7. Amikacin LBDDSs for resistant lung and wound infections 

First evidence of successfully developed amikacin-loaded liposomes against P. 

aeruginosa dates back to 1995 [87]. Three years later their ability to reduce antibiotic 

oto- and hepatic toxicity was already proved [88]. In this regard, two formulations 

reached clinical trials and one of them managed to be registered and commercialized. 

In the late 1980s, the Californian company Vestar Inc. (later merged with NeXagen 

Inc. to form NeXstar Pharmaceuticals until its acquisition by Gilead Sciences Inc.) 

already mastered liposome technology and developed Mikasome®, a small (50 nm) 

unilamellar low-clearance liposome formulation containing amikacin for intravenous 

and extravascular administrations. The company started a Phase I clinical trial in 1993 

to evaluate Mikasome® renal safety and five years later a Phase II clinical trial in 

patients with hospital-acquired pneumonia and bacterial infections related to CF 

[89,90]. After intravenous and extravascular administrations, Mikasome® showed 

prolonged plasma residence (half-life > 24 h), sustained efficacy in gram-negative 

infection models and an increased drug presence in all tissues compared to 

conventional amikacin; thus, allowing an extended dosing interval [91,92]. 

Specifically, a pharmacokinetic study in rhesus monkeys determined that Mikasome® 

could be safely administered at prolonged intervals ranging from 2 to 7 days, 

maintaining the desired effect [93]. Despite these promising results, Mikasome® has 

not yet been commercialized. Instead, Arikayce® (previously Arikace® from Transave 

Inc. before being acquired by Insmed Inc.) represents the first and only 

commercialized sustained-release liposomal amikacin for inhalation (LAI) featuring 

about 75 % EE and 260 nm particle size [94]. Shrenik et al. published the first LAI 

optimization study regarding the influence of fine excipient particles on performance 

of dry powder inhaler [95]. Thus, the company characterized liposome lung deposition 

according to the droplet size by means of an Andersen cascade impactor, showing that 

almost all formulation was homogenously distributed within the lungs [96]. 

Successive in vivo studies demonstrated that Arikayce® easily penetrated into P. 

aeruginosa rat lung biofilms and infected mucus, releasing amikacin in a slow, 

sustained manner and being orders of magnitude more effective than inhaled free 

amikacin [97]. Additionally, LAI proved to be taken up by macrophages when 

administered in healthy rats and easily eliminated at the end of the treatment, 
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preserving macrophage function [98]. Optimization of 99mTc-labeled LAI was also 

successfully carried out for future clinical studies [99]. Indeed, LAI lung deposition 

and clearance studies performed in healthy male volunteers by means of a gamma 

scintigraphy confirmed that inhalation of a single dose of liposomal amikacin (120 

mg) was well tolerated [100]. In the light of the above, Arikayce® resulted to be an 

interesting therapeutic option for the treatment of CF patients with P. aeruginosa 

pulmonary infections being more effective than free amikacin due to the enhanced 

lung disposition. The first pharmacokinetic and pharmacodynamic evaluation in 24 

CF patients showed LAI antibacterial efficacy when administered in a single dose of 

500 mg/day and supported dose selection for further clinical studies [101]. With that 

in mind, other clinical trials also confirmed that 560 mg Arikayce® once-daily was 

safe and effective in CF patients with P. aeruginosa infection [102,103]. In addition, 

Bilton et al. compared once-daily dose of 590 mg LAI with a twice-daily dose of 300 

mg of a commercially available tobramycin inhalation solution, confirming that a 

single administration was just as effective as a double dose of tobramycin [104]. In 

essence, initial Phase I and II clinical studies demonstrated that Arikayce® was a safe 

formulation capable of improving lung function after 14-28 days of treatment; 

besides, a Phase III study compared to inhaled tobramycin revealed similar results 

between the two formulations with one second increase in forced expiratory volume 

at the end of the treatment. Notwithstanding these good results in gram-negative 

bacteria, currently, Arikayce® is commercially available in 590 mg/vials for single use 

as the first and only Food and Drug Administration approved medication for gram-

positive Mycobacterium avium complex lung disease, necessarily used in combination 

with other antibiotics to limit amikacin toxicity. Clearly, LAI enabled sustained 

amikacin release and an increased drug disposition in the lungs; however, the high 

administration dose (590 mg) remains the main responsible for its nefro-, neuro- and 

ototoxicity; therefore, other LBDDSs should be investigated. The first amikacin-SLNs 

were developed and optimized in the last decade. Varshosaz et al. achieved an 

improved particle size of about 150 nm and 90 % EE along with a suitable 

polydispersity index. These spherical SLNs had a drug release for up to a week 

without significant burst effect [105]. The same authors later improved amikacin-SLN 

suspension stability through lyophilization using sucrose, dextran or mannitol as 

cryoprotectants [106]. Results demonstrated that 12 % sucrose limited nanoparticle 
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aggregation after reconstitution, although particle size increased about 100 nm post-

lyophilization. Moreover, these lyophilized SLNs showed a 2-fold improved activity 

compared to free amikacin against a pathogenic P. aeruginosa strain and higher 

stability compared to nanoparticles in suspension [107]. Finally, amikacin-SLN in 

vivo biodistribution studies demonstrated that pulmonary administration was safer 

than the intravenous route since negligible SLN amount reached kidneys, limiting 

amikacin nephrotoxicity [108]. Based on these results, our research group followed 

the LBDDS trend to achieve safer amikacin delivery and developed various amikacin-

NLC formulations, which proved to be effective against a significative amount of 

clinical P. aeruginosa, K. pneumoniae and A. baumannii strains [85]. Further studies 

should be performed to evaluate the real NLC suitability to reduce amikacin toxicity, 

nonetheless future looks promising. 

Several works have been published regarding amikacin LBDDSs for wound skin 

infections. A study published in 1995 indicated that amikacin liposomes fully 

protected collagen from adherence of 27 clinical P. aeruginosa strains, suggesting that 

its application could be advantageous in injured tissues in which extracellular matrix 

structures, such as collage type I, became exposed [109]. Amikacin liposomes also 

showed enhanced efficacy compared to the free antibiotic when tested in human 

dermis matrix infected with P. aeruginosa strains isolated from burn wounds [110]. 

Finally, it is noteworthy to mention a special LBDDS developed in the late 1990s 

called DepoFoam® (SkyePharma Inc., now Pacira Pharmaceuticals Inc.). DepoFoam® 

is a honeycomb of multivesicular liposomes releasing encapsulated drug over several 

weeks after non-vascular administration due to erosion and reorganization of lipid 

membranes. Local application of DepoFoam® on the surface of prosthetic grafts has 

been proposed to prevent post-surgical infections [111]. Certainly, this formulation 

could pave the way to an unexplored area of nanotechnology, extremely useful for 

infected surgical fields and capable of massively reducing sepsis and second 

unscheduled surgeries, especially because DepoFoam® has proven sustained 

therapeutic levels of amikacin at a target site and reduced systemic toxicity [112]. 

Figure 7 shows DepoFoam® macroscopical aspect. There is no evidence of amikacin-

SLN use in infected wounds; nonetheless, our research group has already shown 

safety of blank NLCs, as an improved version of liposomes and SLNs, for topical 
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application as already mentioned in the previous section [86]. In addition, our group 

has recently developed NLCs loaded with amikacin that could be further redirected 

towards the field of infected wounds [85]. NLCs as carriers for amikacin with intended 

use against wound infections represent an interesting forward-looking approach 

waiting to be exploited.  

Figure 7. Scanning electron micrograph of a DepoFoam® particle (courtesy M. B. Sankaram, DepoTech 

Corporation). Each lipid particle (10 µm) contained several individual chambers, each bounded by a lipid 

bilayer. Amikacin can be found in the internal aqueous matrix. Reproduced and adapted from Joseph Huh 

et al. (©1998) [111].  

A summary of all amikacin LBDDSs cited in this section, both for pulmonary and 

wound infections, is provided in Table 2.  
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Table 2. Summary of amikacin-loaded LBDDs used for pulmonary and wound infections.  

LBDDS Antibiotic 

Type of 

study 

Bacteria 

Administration 

route 

Results Ref. 

L
ip

o
so

m
es

 

Amikacin 

Netilmicin 

Tobramycin 

in vitro P. aeruginosa - 

Cationic liposomes were successfully produced and presented a 

slightly better EE compared to anionic liposomes. No significant 

differences were found in drug release or antimicrobial activity. 

[87] 

Amikacin 

Amphotericin B 
- - - 

Oto- and hepatic toxicity can be limited by liposome vectors allowing 

the use of higher doses of amikacin for longer periods. 

[88] 

Amikacin 

(Mikasome®) 
Clinical - - 

Mikasome® produced a significant killing effect so that liposomal 

technology may reduce amikacin toxicity.  

[89] 

Amikacin 

(Mikasome®) 
Clinical - - 

Mikasome® was successfully tested in 30 patients with complicated 

urinary tract infections and also in patient with hospital-acquired 

pneumonia and bacterial infections related to cystic fibrosis. 

[90] 

Amikacin 

(Mikasome®) 

in vivo - 

Intravenous 

Intraperitoneal 

Intramuscular 

Subcutaneous 

Mikasome® increased and prolonged amikacin exposure in plasma, 

local tissues and lymph nodes, suggesting that an extended dosing 

interval could be possible (from 2 to 7 day) for chronic or prophylactic 

therapy to achieve high levels of liposomal amikacin with minimal 

exposure to free amikacin. 

[91-93] 
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Intratracheal 

instillation 

Amikacin 

(Arikayce®) 

- P. aeruginosa Pulmonary 

Liposomal amikacin administered by inhalation enhanced drug 

delivery and drug retention in CF patients’ airways. Arikayce® 

allowed once-daily dosing, mucus and biofilm penetration and 

potentially prolonged off-drug periods. 

[94] 

Amikacin in vitro - - 

Different factors, such as liposomal charge, addition of fines and order 

of mixing fines, can have a significant effect on in vitro deposition of 

liposomal amikacin dry powder. 

[95] 

Amikacin 

(Arikayce®) 

in vitro - - 

Formulation was aerosolized with an eFlow® nebulizer, coupled to an 

Andersen cascade impactor and analyzed for lipid-to-drug ratio, 

amikacin retention and liposome size. Results showed that liposomes 

were homogenously distributed within the lungs. 

[96] 

Amikacin 

(Arikayce®) 

in vivo P. aeruginosa  Pulmonary 

Liposomal amikacin was released in a slow and sustained manner in 

normal rat lungs, penetrated readily into biofilms and was 

significantly more effective than inhaled free amikacin in infected 

lungs. In addition, Arikayce® proved to be taken up by macrophages 

in a dose-dependent manner, and easily eliminated at the end of the 

treatment, preserving macrophage function. 

[97,98] 

Amikacin Clinical - Pulmonary 

Liposomes were successfully radiolabeled with 99mTc. The aerosol 

droplet size distribution, gravimetrically determined, was similar to 

that measured by radioactivity. In addition, the high labelling 

efficiency and stability were adequate to evaluate the deposition and 

[99,100] 
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clearance in the lung by clinical gamma scintigraphy. 120 mg of 

nebulized liposomal amikacin resulted in prolonged retention in the 

lungs of healthy volunteers. The treatment was well tolerated. 

Amikacin Clinical P. aeruginosa Pulmonary 

Preliminary pharmacokinetic and pharmacodynamic studies 

administrating 500 mg/day of liposomal amikacin demonstrated a 

significant LAI antibacterial activity just in some patients, suggesting 

that larger doses may be required. 

101] 

Amikacin 

(Arikayce®) 

Clinical P. aeruginosa Pulmonary 

Arikace® was tested once-daily at different doses. The highest dose 

(560 mg) demonstrated acute tolerability, safety, biologic activity and 

efficacy in CF patients with P. aeruginosa infection. 

[102,103] 

Amikacin 

Tobramycin 

Clinical P. aeruginosa Pulmonary 

Once-daily liposomal amikacin (590 mg) and twice-daily tobramycin 

solution (300 mg) administrations showed similar results in terms of 

antibacterial activity. 

[104] 

Amikacin 

Polymyxin B 
in vitro P. aeruginosa Topical 

Amikacin liposomes completely removed 27 clinical P. aeruginosa 

strains from collagen type I, being a good choice for injured tissues in 

which extracellular matrix structures become exposed. In addition, 

liposomal formulation presented enhanced effectiveness removing P. 

aeruginosa microcolonies growing on dermal matrix compared to the 

free antibiotics. 

[109,110] 

Amikacin 

(DepoFoam®) 

in vivo S. aureus Topical 
Amikacin sustained-release applied to infected contaminated grafts 

increased survival and decreased postoperative graft infections. 

[111] 

Amikacin 

(DepoFoam®) 

Clinical - Injectable 
DepoFoam® effectively extended amikacin half-life, showing 

prolonged duration of therapeutic drug concentrations. 
[112] 
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Amikacin in vitro - - 

Improved SLNs were successfully developed following predictive 

models by central composite design, a mathematical approach for 

product and process optimization. Amount of lipid phase, the 

drug/lipid ratio and volume of aqueous phase were the most important 

affecting variables. The optimized particle size was 149 ± 4 nm and 

88 ± 5 % EE. 

[105] 

Amikacin in vitro P. aeruginosa         - 

SLNs were active against P. aeruginosa strains in vitro. MIC and 

MBEC of amikacin-SLNs was about two-fold lower compared to the 

free drug. SLN stability was increased using sucrose, dextran or 

mannitol as cryoprotectants. Lyophilization with sucrose maintained 

a sustained release behavior and produced a burst effect in the first 2 

h. Also, pulmonary delivery caused higher drug concentration in 

lungs than kidneys, limiting its nephrotoxicity.  

[106-

108] 

N
L

C
s 

Amikacin 

CMS 

in vitro 

P. aeruginosa        

K. pneumoniae     

A. baumannii 

- 

Amikacin-NLCs were active in vitro against a large number of P. 

aeruginosa, K. pneumoniae, A. baumannii clinical strains and 

displayed size values around 100 nm and a high EE of about 92 %. 

[85] 

- in vitro - Topical 

Blank-NLCs were safe when administered on intact skin and may 

potentially exert a local effect after topical administration on wounds 

since no systemic absorption was shown. NLCs remained on the 

wound at least for 24 hours, avoiding a systemic absorption.  

[86] 
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8. Conclusions 

AMR represents a serious problem that needs to be addressed nowadays. Colistin and 

amikacin are the last available weapons to fight against multiresistant gram-negative 

bacterial infections due to their high neuro- and nephrotoxicity. Therefore, clinicians 

are forced to choose between an effective and safe dose, mostly leading to treatment 

failure. In this regard, LBDDSs represent a captivating strategy to reduce drug 

toxicity, capable of releasing antibiotics in a sustained manner and allowing dose 

reduction. Among LBDDSs, liposomes are the most popular systems due to their early 

development. Nevertheless, their limitations paved the way to SLN development and 

finally to NLCs, representing the last and improved version of lipid-based carriers. 

Colistin LBDDSs have been widely studied in lung infections; liposomes, SLNs as 

well as NLCs have been tested in vivo in pneumonia models with promising results, 

achieving a significant dose reduction, enhanced efficacy and a presumable lower 

toxicity. In contrast, no evidences have been found in the field of infected wounds, 

which represents a great opportunity to be exploited in the near future. On the 

contrary, amikacin liposomes reached the market several years ago, both for lung and 

wound infections. However, the administered amikacin dose for lung infections is still 

very high and necessarily needs improvement. Both amikacin-SLNs and NLCs, but 

especially NLCs being the latest improved version of LBDDSs, could represent a 

promising approach for amikacin administration in lung and wound infections due to 

their enhanced properties. In essence, NLCs could be the ultimate safe strategy for 

colistin and amikacin delivery to fight against gram-negative lung and wound 

infections. 
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Antimicrobial resistance (AMR) is a major global threat and requires a drastic and 

immediate intervention. Pseudomonas aeruginosa, Klebsiella pneumonia and 

Acinetobacter baumannii are classified as principal responsible for multiresistant 

gram-negative bacterial infections, especially in skin and respiratory tract. Nowadays, 

few antibiotics have demonstrated certain effectiveness for such difficult-to-treat 

multiresistant infections. Among them, colistin (SCM) and amikacin (AMK) have 

recently gained importance as rescue therapy in clinical settings. However, their 

toxicity severely limits their use, especially after being applied systemically. Thus, 

new strategies should be investigated not only to enhance antibiotic safety, but also to 

preserve their effectiveness.  

In view of these considerations, the main objective of the present work is the 

development of colistin- and amikacin-loaded nanostructured lipid carriers (NLCs), a 

novel drug delivery system capable of improving antibiotic safety and effectiveness 

against multiresistant respiratory tract and wound infections.  

To accomplish this purpose, three specific objectives are considered:  

1. To select the most suitable formulation among different AMK- and SCM-loaded 

NLCs and demonstrate their efficacy in a neutropenic murine acute pneumonia 

infection model caused by an extensively drug-resistant A. baumannii strain, 

following the intraperitoneal and intramuscular routes.  

2. To evaluate SCM-NLC biodistribution, safety and efficacy in a murine acute 

pneumonia infection model caused by an extensively drug-resistant P. 

aeruginosa strain, following pulmonary and intramuscular administration.  

3. To evaluate blank-NLC biodistribution and safety after topical administration on 

impaired and intact skin, respectively.  
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CHAPTER 1 

In vitro and in vivo antimicrobial activity of sodium colistimethate and amikacin-

loaded nanostructured lipid carriers (NLCs) 

C. Vairoa,b, J. Basasc, M. Pastora, M. Palauc, X. Gomisc, B. Almirantec, E. Gainzaa, 

R.M. Hernándezb,d, M. Igartuab,d, J. Gavaldàc,*, G. Gainzaa,**.  

aBioKeralty Research Institute AIE, Albert Einstein 25 E/3, 01510 Miñano, Spain 
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dBiomedical Research Networking Center in Bioengineering, Biomaterials and Nanomedicine (CIBER-

BBN). Vitoria-Gasteiz, Spain. 

*Corresponding author: Joan Gavaldá; **Corresponding author: Garazi Gainza 

 

ABSTRACT 

Sodium colistimethate (SCM) and amikacin (AMK) are among the few antibiotics 

effective against resistant P. aeruginosa, K. pneumoniae and A. baumannii; however, 

their toxicity severely limits their use. Enclosing antibiotics into nanostructured lipid 

carriers (NLC) might decrease drug toxicity and improve antibiotic disposition. In this 

work, SCM or AMK were loaded into different NLC formulations, through high 

pressure homogenization, and their in vitro and in vivo effectiveness was analyzed. 

The encapsulation process did not reduce drug effectiveness since in vitro SCM-NLC 

and AMK-NLC drug activity was equal to that of the free drugs. As cryoprotectant, 

trehalose showed better properties than dextran. Instead, positive chitosan coating was 

discarded due to its limited cost-efficiency. Finally, the in vivo study in acute 

pneumonia model revealed that intraperitoneal administration was superior to the 

intramuscular route and confirmed that (-) SCM-NLC with trehalose, was the most 

suitable formulation against an extensively drug-resistant A. baumannii strain. 
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1. Introduction 

Antimicrobial resistance (AMR) is a global threat that has an enormous economic, 

social and public health impact worldwide. In 2016, the World Economic Forum risk 

report remarked that AMR was one of the major health hazards for society (1). In EU, 

400,000 cases of infection due to resistant bacteria are diagnosed annually, leading to 

further 2,500,000 hospitalizations. Currently, 50,000 patients die every year in US and 

EU due to AMR, representing 1.5 billion € and US$ 3.5 billion healthcare costs (2,3). 

In 2014, David Cameron, Prime Minister of UK, commissioned to Jim O’Neill an 

independent review on the economic issues related to AMR. This review revealed that 

AMR cost could rise to US$ 100.2 trillion by 2050, positioning AMR as a serious 

challenge, just as climate change. A strong joint commitment to fight against AMR is 

needed to avoid 10 million deaths per year, an even higher death rate than cancer, 

which will exert an economic impact equal to an annual UK economic production (4).  

AMR is basically caused by three superbugs, P. aeruginosa, K. pneumoniae and A. 

baumannii, which represent a critical global bacterial priority, as stated by WHO in 

2016 (5,6). 

According to the European Medicine Agency (EMA), the European Centre for 

Diseases Prevention and Control (ECDC) and the Infectious Disease Society of 

America (IDSA), there is a lack of new antimicrobials in a mature clinical 

development stage in the pipeline of pharmaceutical companies, especially against 

gram-negative resistant bacilli (7).  

In many cases, colistin or its prodrug, i.e. sodium colistimethate (SCM), is the only 

active substance against certain pulmonary K. pneumonia and P. aeruginosa 

infections and is used as the last resort due to the related dose-dependent toxicity 

(nephro- and neurotoxicity) (8).  

Amikacin (AMK) is also indicated against severe pulmonary infections produced by 

K. pneumoniae and P. aeruginosa, and is the broadest spectrum aminoglycoside with 

the least resistance. However, the associated nephrotoxicity and ototoxicity risk limit 

its use, due to generation of free oxygen radicals as amikacin is not metabolized (9). 
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Nevertheless, it should be noted that both antibiotics are still used despite their serious 

side effects, because currently there is no available effective agent in the clinical 

practice. 

In this regard, the use of nanotechnology could represent an interesting approach to 

reduce antibiotic toxicity. Especially, nanostructured lipid carriers (NLC), a 

disordered matrix composed of solid and liquid GRAS (Generally Recognized As 

Safe) lipids, have already demonstrated their effectiveness against multiresistant 

bacterial infections, providing a sustained, safe and advantageous drug release 

(10,11). 

Altogether, the main goals of this research work were: (i) to produce effective SCM- 

and AMK-loaded NLC formulations (SCM-NLC and AMK-NLC) using different 

cryoprotectants (trehalose or dextran) and coatings (positive charged chitosan) 

through high pressure homogenization; (ii) to select the most cost-effective 

formulation by means of in vitro planktonic and biofilm susceptibility assays; and 

finally, (iii) to demonstrate effectiveness of NLC in an in vivo acute pneumonia animal 

model of neutropenic mice, following intramuscular or intraperitoneal route.  

2. Materials and methods 

2.1. Bacterial strains and growth conditions 

(i) Cryoprotectant selection; for planktonic and biofilm susceptibility studies in P. 

aeruginosa, PAO1, FQSE06-403, Pa1m, Pa2m and Pa14 strains were used. PAO1 and 

Pa14 were two wild type biofilm-producing strains. The remaining three P. 

aeruginosa strains were obtained from cystic fibrosis patient sputum; FQSE06-403 

was a moderately-drug resistant and non-mucoid strain (Sequence type (ST): ST274) 

and Pa1m and Pa2m were mucoid isolates harboring a hyperproduction of high level 

cephalosporinases and loss of porin OprD2, respectively. 

(ii) Coating selection; for planktonic susceptibility studies in P. aeruginosa, K. 

pneumoniae and A. baumannii, forty-two strains were studied; 14 drug-resistant P. 

aeruginosa clinical isolates, 13 drug-resistant K. pneumoniae clinical isolates and 15 

drug-resistant A. baumannii clinical isolates, from different hospitals.  
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All strains were stored in skim milk at -80 °C. 

2.2. Preparation of nanoparticles 

Sodium colistimethate- or amikacin-loaded nanostructured lipid carriers (SCM-NLC 

or AMK-NLC) were prepared using hot melt homogenization as previously reported 

by Pastor et al. (12), but including a high-pressure homogenization (HPH) step to 

better handle large batch volumes. Briefly, Precirol® ATO 5 (Gattefossé, Madrid, 

Spain) and Miglyol 182 N/F (Sasol, Hamburg, Germany) were melted together with 

the drug [SCM (Accord Healthcare, Barcelona, Spain) and AMK (VWR, Llinars del 

Vallès, Spain)] to achieve the oily phase (10:1:1). Simultaneously, the aqueous phase 

was prepared dissolving Tween® 80 (Panreac Química, Castellar del Vallès, 

Barcelona, Spain) at 2 % (w/v) and Poloxamer 188 (VWR, Llinars del Vallès, Spain) 

at 1 % (w/v) and then tempered. The two phases were mixed and sonicated (Branson 

Sonifier, Emerso, Saint Louis, MO, US) for 15 s at 20 W. The resulting emulsion was 

placed in a high pressure homogenizer (Panda Plus 2000, Gea Niro Soavi, Parma, 

Italy) and 10 homogenization cycles were applied at 500 Bar. Afterwards, the 

emulsion was gradually cooled down and kept under 5 ± 2 °C for 2 h to allow lipid 

solidification. Subsequently, 15 % (w/w) of trehalose (Sigma-Aldrich, St. Louis, MO, 

US) or dextran, as cryopreserving agents, were added to the formulation prior to the 

freeze-drying step (45 h recipe, from -45 °C to 25 °C at 0.180 mBar). The total batch 

weight was 8.25 g.  

The positive charged nanoparticles were prepared employing the chitosan 

concentration reported by Fonte et al. (13). In brief, after the cooling process, 0.5 % 

(w/v) chitosan [chitosan chloride, 50,000-150,000 g/mol molecular weight measured 

as chitosan acetate; degree of deacetylation 75-90 % (Protasan UP CL 113, FMC 

Biopolymers AS, Snadvika, Norway)] solution was added dropwise to the 

nanoparticle suspension (1:1 volume) and incubated for 30 min under magnetic 

stirring. In this case, the total batch weight was 8.75 g. 

Eight different formulations of SCM-NLC and AMK-NLC were obtained starting 

from a single batch. 

2.3. Nanoparticles characterization 
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Particle size along with PDI, and zeta potential were measured by means of the 

Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK) based on dynamic 

light scattering (DLS) and electrophoretic light scattering (ELS), respectively. 

Samples were analyzed in triplicates to obtain an accurate mean.  

For nanoparticle morphology study, transmission electron microscopy (TEM) 

analysis was performed under negative staining. 

Drug loading was estimated by means of the following formula: 

𝐷𝑟𝑢𝑔 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 =
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐷𝑟𝑢𝑔 𝐴𝑚𝑜𝑢𝑛𝑡 (𝑚𝑔)

𝑇𝑜𝑡𝑎𝑙 𝐵𝑎𝑡𝑐ℎ 𝑊𝑒𝑖𝑔ℎ𝑡 (𝑚𝑔)
 

Encapsulation efficiency (EE) was calculated indirectly by quantifying the amount of 

drug present in the supernatant. Briefly, after cooling the suspension, 5 mL of the 

batch were centrifuged in an Amicon® centrifugal filtration unit (100 kDa molecular 

weight cut off membrane system, Millipore) for 15 min at 2,500 rpm in order to 

analyze the amount of non-encapsulated drug. SCM, a cyclic polypeptide, was 

determined by using the Micro BCA™ Protein Assay Kit (Thermo Fisher Scientific, 

Madrid, Spain) following purchaser instructions. For AMK determination, the 

ultraviolet-visible (UV-VIS) spectrophotometric technique was used after 

fluorescamine derivatization (14,15).  

Once quantified, encapsulation efficiency was estimated according to the following 

equation: 

𝐸𝐸(%) = (
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐷𝑟𝑢𝑔 𝐴𝑚𝑜𝑢𝑛𝑡 − 𝑁𝑜𝑛 𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑 𝐷𝑟𝑢𝑔

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐷𝑟𝑢𝑔 𝐴𝑚𝑜𝑢𝑛𝑡
) 𝑥 100 

Similarly, the drug release profile was also assessed. 25 mg of lyophilized NLC were 

weighed and re-suspended in phosphate buffered saline (PBS, Life Technology, 

Paisley, UK). Then, the suspension was stirred using rotary mixing at 37 °C. At pre-

established time points, samples were filtrated using Amicon® centrifugal devices for 

15 min and the drug content present in the supernatants analyzed as described above. 

Samples were studied in triplicates and results expressed as a percentage (%) of the 

drug released.  

2.4. Antimicrobial activity against P. aeruginosa strains for cryoprotectant selection 
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The antimicrobial activity of the eight developed formulations was tested for 

planktonic and biofilm studies with the aim of selecting the most suitable 

cryoprotectant. P. aeruginosa was the strain of choice as our research group already 

demonstrated the capability of SCM-NLC to reduce pulmonary infection (12) and 

because it is one of the AMR superbugs (5,6). 

2.4.1. Planktonic susceptibility studies 

Bacterial susceptibility to the formulations was determined evaluating the minimum 

inhibitory concentration (MIC) through the microdilution technique according to the 

European Committee on Antimicrobial Susceptibility Testing (EUCAST) guidelines 

and breakpoints (16). Briefly, cells from a subculture were suspended in Müeller 

Hinton Broth (MHB, Becton Dickinson, Le Pont de Clarx, France) to reach a turbidity 

of 0.5 in the McFarland scale [equivalent to 1.5·108 colony-forming units (CFU)/mL] 

and subsequently the inoculum was adjusted to the desired concentration of 1.6·108 

CFU/mL. Different concentrations of the formulations (SCM-NLC and AMK-NLC) 

were prepared through serial dilutions with MHB (1:2 dilutions). Then, inocula were 

placed in a 96-well microtiter plate; except for the last two columns that corresponded 

to the sterility control, in which only culture medium was placed. Plates were then 

incubated at 37 ᵒC for 24 h. MIC was defined as the lowest concentration of antibiotic 

which presented no bacterial culture turbidity. To compare the efficacy of the 

developed nanoparticles, the free drugs, i.e., SCM and AMK, were also evaluated. 

Samples were analyzed in triplicates. 

2.4.2. Biofilm susceptibility studies 

Biofilm assays were carried out to study the minimum biofilm inhibitory 

concentration (MBIC) and the minimum biofilm eradication concentration (MBEC) 

by the Calgary assay as described by Moskowitz et al. (17) with few modifications. 

Isolates stored at -80 °C were first cultured on Tryptic Soy Agar (TSA) (BioMérieux® 

SA, Marcy l’Etoile, France) and then, grown overnight in Tryptic Soy Broth (TSB, 

Becton Dickinson, Le Pont de Clarx, France). After diluting culture to obtain a 0.5 

McFarland pattern, the culture was transferred to a 96-well microtiter plate; except for 

the last two columns which corresponded to the growth and sterility controls, where 

inoculum and culture medium were placed, respectively. Bacterial biofilm was 
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formed immersing polystyrene microtiter pegs on the microtiter plate and incubating 

at 37 °C for 24 h under rocking stirring at 60 rpm. Then, pegs were rinsed three times 

in sterile distilled water and transferred to a standard 96-well plate where dilutions of 

the specified antibiotics/nanoparticles, prepared in MHB, were performed (range from 

0.015 to 4,096 mg/L). Plates were incubated overnight at 37 °C without stirring. 

Finally, pegs were triple-washed with sterile water, in order to remove planktonic 

cells, and placed in a second TBS containing 96-well plate. The plate was then 

sonicated for 30 min at 43 kHz at room temperature to transfer the biofilms grown on 

pegs to the 96-well plate. The wells were seeded with TSA and incubated for further 

16 h at 37 °C. 

The MBIC was defined as the lowest concentration of antibiotic where no bacterial 

culture turbidity was appreciated. The MBEC was determined as the lowest antibiotic 

concentration required to eradicate the biofilm (17). 

All samples were run in triplicates. 

2.5. Antimicrobial activity in P. aeruginosa, K. pneumoniae and A. baumannii strains 

for coating selection  

Once the best cryoprotectant was selected from the previous in vitro activity assays, 

an in-depth activity study was performed using more strains with the aim of analyzing 

the chitosan coating cost-efficiency. Even though chitosan had shown to improve 

interactions with the bacterial surface (18), it appears noteworthy to study its effect in 

the developed SCM-NLC and AMK-NLC, as the more steps included within the 

production process, the more expensive and complicated could be to manufacture. 

Accordingly, three superbugs were used. Briefly, MIC was analyzed as previously 

described following the EUCAST guidelines and breakpoints (16). In this case, P. 

aeruginosa ATCC 27853, E. coli ATCC 25922 and A. baumannii ATCC 19606 were 

used as quality control strains for the susceptibility testing. 

2.6. In vivo efficacy study  

2.6.1. Animals and ethics 



Experimental work: Chapter 1 

 

53 

 

48 female RjOrl:SWISS mice weighing 22 to 24 g were acquired from Janvier 

(Janvier Labs, Le Genest-Saing-Isle, France). Upon arrival, animals were housed in 

regulation cages with HEPA filter, provided with water and food ad libitum 

throughout the experiments and housed under a reversed 12 h/12 h light/dark cycle.  

Guide for the Care and Use of Laboratory Animals (19) and the Animal Research: 

Reporting of in vivo Experiments (ARRIVE) guidelines were followed. All the 

experimental procedures were performed in accordance with the Catalan (Decree 

214/1997), Spanish (Royal Decree 53/2013) and European (European Directive 

2010/63/EU) laws and regulations. The experimental protocol was approved by the 

Animal Experimentation Ethics Committee of Vall d’Hebron Research Institute 

(registration number 74/15 CEEA). 

2.6.2. Acute pneumonia A. baumannii infection model in neutropenic mice 

An extensively drug resistant (XDR) A. baumannii clinical strain was used for the in 

vivo model. A. baumannii Abl4; isolate harboring an OXA-51, was only susceptible 

to colistin, amikacin and tigecycline (ST2). In order to increase its virulence before 

being used in the experimental model, 0.5 mL of bacterial suspension of 1.5·108 

CFU/mL was injected both intravenously (IV) and intraperitoneally (IP) and 6 h later, 

the bacterial strain was recovered from blood and spleen.  

The acute pneumonia model in neutropenic mice was developed at Vall d’Hebron 

Research Institute, based on previously published work (20). Firstly, mice were 

immunosuppressed with 0.1 mL cyclophosphamide (Baxter Oncology GmbH, 

Westfalen, Germany) 150 mg/kg at days -4, -3 and -1 before infection (day 0). Then, 

mice were anesthetized by an intramuscular (IM) injection of ketamine (Inresa 

Arzneimittel GmbH, Freigurb, Germany) 35 mg/kg and xylazine (Laboratorios Calier 

S.A., Barcelona, Spain) 5 mg/kg, and infected with orotracheal instillation through an 

Abbocath® of 24G x 19mm (3/4”) with the aid of a laryngoscope (blade assembly 

small animal laryngoscope Model CS-2 for mouse. PennCentury, Inc. PA, USA). 

After inoculation of 30 μL of AbI4 bacterial suspension in TSB at a final concentration 

of 1·106 CFU/mL, mice remained in vertical position for 3 min and then in 30° 

position until awakening. 
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In order to test the efficacy of the antimicrobial agents, IM and IP administration 

routes were tested. Infected animals were randomly assigned to the following 

therapeutic groups: (i) growth control 0.9 % NaCl every 6 h (q6h) IM, (ii) free SCM 

60 mg/kg q6h IM, (iii) SCM-NLC 12 mg/kg q12h IM, (iv) SCM-NLC 12 mg/kg q24h 

IM, (v) SCM-NLC 6 mg/kg q12h IP and (vi) SCM-NLC 6 mg/kg q24h IP. Therapy 

was initiated 2 h after infection and lasted 72 h. Four hours after the last treatment 

dose, animals were euthanized by cervical dislocation. Lungs were aseptically 

extracted and processed for quantitative culture. After homogenization (Ultra-Turrax® 

T25; IKA Works, Inc., Wilmington, USA) for 2 min in 4 mL of PBS (pH 7.2), lung 

samples were serially diluted and plated on TSA for 24 h at 37 °C. Results were 

expressed as log10 CFU/g of lung. 

2.7. Statistical analysis 

Results of the in vivo assay were analyzed by two non-parametric tests: Mann Whitney 

and Wilcoxon tests using the SPSS (version 16.0) statistical package (SPSS Inc.). P 

values < 0.05 were considered statistically significant. Results were expressed as log10 

cfu/g lung median (IQR25-75). 

3. Results 

On the one hand, the effect of different cryoprotectant agents and chitosan coating 

was analyzed on terms of formulation characterization and antimicrobial activity.  

In the case of SCM-NLC, size varied between 67 and 177 nm, while PDI fluctuated 

from 0.207 to 0.349 depending on the cryoprotectant and the charge. In addition, 

positive zeta potential of about 14 mV could be achieved by chitosan coated SCM-

NLC, whereas uncoated SCM-NLC displayed negative zeta potential ranging from 

around -20 to -29 mV.  

Encapsulation efficiency was set as 73 %. The final drug loading for negatively 

charged particles was 0.06 mg SCM/mg of formulation. In the case of positively 

charged nanoparticles, drug loading was 0.057 mg SCM/mg of formulation (Table 1). 
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Table 1. SCM-NLC characterization. Samples were run in triplicates and data are shown as ± SD. 

SCM-NLC 

  Pre-lyophilization Post-lyophilization 

  EE (%) Size (nm) PDI Zeta (mV) 
Drug Loading 

(mg SCM/mg NLC) 

(-) 

SCM-

NLC 

Trehalose 

73.14 ± 3.69 

67.33 ± 

2.06 

0.257 

± 0.01 

-20.3 ± 

0.75 

0.06 
SCM-

NLC 

Dextran 

101.56 ± 

0.41 

0.207 

± 0.01 

-29.03 ± 

1.44 

(+) 

SCM-

NLC 

Trehalose 

177.63 ± 

5.50 

0.266 

± 0.03 

14.77 ± 

1.91 

0.057 
SCM-

NLC 

Dextran 

146.46 ± 

0.37 

0.349 

± 0.09 

14.16 ± 

0.55 

SCM, sodium colistimethate; EE, encapsulation efficiency. 

AMK-NLC displayed size values between 73 and 142 nm, while PDI varied from 

0.139 to 0.280. In this case, the chitosan coating gave rise to a lower positive zeta 

potential value (about 1 mV) compared to SCM-NLC. AMK-NLC displayed higher 

encapsulation efficiency (92 %) and drug loading was the same as those for SCM-

NLC (0.06 and 0.057 mg AMK/mg of formulation for negative particles and for 

positive particles, respectively) (Table 2). 

Table 2. AMK-NLC characterization. Samples were run in triplicates and data are shown as ± SD. 

AMK-NLC 

  Pre-lyophilization Post-lyophilization 

  EE (%) Size (nm) PDI Zeta (mV) 
Drug Loading (mg 

AMK/mg NLC) 

(-) 

AMK-

NLC 

Trehalose 

92.8 ± 4.18 

89.71 ± 

2.48 

0.139 ± 

0.00 

-20.63 ± 

2.12 

0.06 
AMK-

NLC 

Dextran 

73.45 ± 

0.28 

0.264 ± 

0.03 

-15.63 ± 

0.55 

(+) 

AMK-

NLC 

Trehalose 

114.1 ± 

1.19 

0.234 ± 

0.03 

0.11 ± 

0.14 

0.057 
AMK-

NLC 

Dextran 

142.4 ± 

2.54 

0.280 ± 

0.02 

1.81 ± 

0.08 

AMK, amikacin; EE, encapsulation efficiency. 
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Fig. 1. TEM images of antibiotic-loaded NLC. SCM-NLC, sodium colistimethate-loaded nanostructured 

lipid carriers; AMK-NLC, amikacin-loaded nanostructured lipid carriers; (-), negatively charged NLC 

without chitosan; (+), positively charged NLC with chitosan. Scale bar 450 nm.  

 

As Fig. 1. displays, TEM images showed spherical small particles, regardless the 

cryoprotectant agent. In the positively charged NLC, excess of chitosan could be 

observed. This excess could be detected as small crystals in the SCM-NLC samples, 

whereas AMK-NLC looked amorphous. As TEM images revealed, AMK-NLC 

tended to form small aggregates of 2-10 particles. 
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Fig. 2 and Fig. 3 show the release profiles of SCM-NLC and AMK-NLC formulations, 

respectively. In general, SCM-NLC were able to release almost all the drug in 7 days 

and a minimum of about 75 % of drug in 24 h.  

Fig. 2. Release profile of SCM-NLC. SCM-NLC, sodium colistimethate-loaded nanostructured lipid 

carriers; (-), negatively charged NLC without chitosan; (+), positively charged NLC with chitosan. 

On the contrary, AMK-NLC reached a 75 % of drug release in 7 days (Fig. 3). All 

AMK-NLC formulations displayed a slower release profile, about 65 % of the loaded 

drug was released during the 24 h incubation period.  
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Fig. 3. Release profile of AMK-NLC. AMK-NLC, amikacin-loaded nanostructured lipid carriers; (-), 

negatively charged NLC without chitosan; (+), positively charged NLC with chitosan. 

A preliminary antimicrobial activity was carried out in five P. aeruginosa strains, 

selected for a fast planktonic and biofilm antimicrobial activity screening. Overall, all 

strains were susceptible to SCM and AMK. 

As observed in Table 3, strains displayed different susceptibilities to SCM-NLC 

formulations (i.e., 0.06-1 mg/L MIC, 0.125-128 mg/L MBIC and 1-512 mg/L 

MBEC). Both (-) SCM-NLC and (+) SCM-NLC, regardless of the cryoprotectant, 

presented a decrease of at least 2-fold in MIC, MBEC or MBEC in most of the strains 

compared to free SCM (Table 3). Concretely, (-) SCM-NLC were able to exert a 

maximum of 2-fold enhanced results compared to free SCM, in terms of MIC, MBIC 

and MBEC. In contrast, (+) SCM-NLC were able to improve the antimicrobial activity 

even more, at least 2-fold for FQSE06-0403 and Pa2m strains and more than 4-fold 

for Pa1m strain. It should be noted that (+) SCM-NLC trehalose displayed the highest 

activity for all tested strains for the three parameters studied. It is remarkable that (+) 

SCM-NLC dextran also exerted excellent results, but displayed slightly higher MIC, 

MBIC and MBEC values (therefore lower activity) in some cases. There were no 

differences between MBIC or MBEC of (-) SCM-NLC compared to free SCM (Table 

3). 

Table 3. Planktonic and biofilm susceptibility studies. MIC, MBIC and MBEC values for SCM-NLC 

formulations against P. aeruginosa strains. All the results are expressed in mg/L. 

 (-) SCM-NLC Trehalose (+) SCM-NLC Trehalose 

Strain MIC MBIC MBEC MIC MBIC MBEC 

PAO1 

FQSE06-0403 

Pa1m 

Pa2m 

Pa14 

0.5 

1 

1 

0.5 

0.5 

64 

128 

0.5 

32 

16-32 

128-256 

256-512 

1 

256-512 

64 

0.25 

0.25 

0.06 

0.25-0.5 

0.125 

16-32 

8-16 

0.125 

8-16 

16 

64-128 

64-128 

1 

8-16 

16 

 (-) SCM-NLC Dextran (+) SCM-NLC Dextran 

Strain MIC MBIC MBEC MIC MBIC MBEC 

PAO1 

FQSE06-0403 

Pa1m 

Pa2m 

Pa14 

0.5 

1 

1 

0.5 

0.25 

64 

128 

0.5 

32 

16-32 

128-256 

256 

1 

256 

64 

0.25 

0.25 

0.06-0.125 

0.25-0.5 

0.25 

32 

8-16 

0.125-0.25 

16 

16 

64-128 

128 

1 

32-64 

32-64 

 Free SCM 

Strain MIC MBIC MBEC 
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PAO1 

FQSE06-0403 

Pa1m 

Pa2m 

Pa14 

1-2 

0.5 

0.06-

0.125 

0.5 

0.25-0.5 

32-64 

32-64 

1 

32-64 

32-64 

128-256 

256-512 

2 

64 

32-64 

Pa, Pseudomonas aeruginosa; SCM-NLC, sodium colistimethate loaded-nanostructured lipid carriers; 

MIC, minimum inhibitory concentration; MBIC, minimum biofilm inhibitory concentration; MBEC, 

minimum biofilm eradication concentration; (-), negatively charged NLC without chitosan; (+), positively 

charged NLC with chitosan. 

 

Table 4. Planktonic and biofilm susceptibility studies. MIC, MBIC and MBEC values for AMK-NLC 

formulations against P. aeruginosa strains. All the results are expressed in mg/L. 

 (-) AMK-NLC Trehalose (+) AMK-NLC Trehalose 

Strain MIC MBIC MBEC MIC MBIC MBEC 

PAO1 

FQSE06-0403 

Pa1m 

Pa2m 

Pa14 

0.25 

0.25 

1 

2 

0.5 

0.25 

0.25 

1 

8 

1 

256-512 

64 

1 

256 

64-128 

0.5-1 

0.25-0.5 

1 

2 

0.5-1 

0.5-1 

1-2 

1 

2 

0.5-1 

128-256 

256 

1 

1024 

32-64 

 (-) AMK-NLC Dextran (+) AMK-NLC Dextran 

Strain MIC MBIC MBEC MIC MBIC MBEC 

PAO1 

FQSE06-0403 

Pa1m 

Pa2m 

Pa14 

0.25 

0.25 

1 

2 

0.5 

0.25 

0.25 

1 

8 

1 

1024 

64-128 

1 

256-512 

32-64 

0.25-0.5 

0.25-0.5 

1 

1 

0.5 

0.5-1 

0.5-1 

1 

2 

0.5 

256-512 

128-256 

1 

512-1024 

32-64 

 Free AMK 

Strain MIC MBIC MBEC 

PAO1 

FQSE06-0403 

Pa1m 

Pa2m 

Pa14 

0.25-0.5 

0.25 

1 

2 

0.5-1 

0.5-1 

0.5-1 

1 

32 

0.5 

128-256 

256-512 

1 

512 

32-64 

Pa, Pseudomonas aeruginosa; AMK-NLC, amikacin loaded-nanostructured lipid carriers; MIC, minimum 

inhibitory concentration; MBIC, minimum biofilm inhibitory concentration; MBEC, minimum biofilm 

eradication concentration; (-), negatively charged NLC without chitosan; (+), positively charged NLC with 

chitosan. 

As observed in Table 4, strains displayed different susceptibilities to AMK-NLC 

formulations (i.e., 0.25-2 mg/L MIC, 0.25-32 mg/L MBIC and 1-1024 mg/L MBEC). 

Regardless of the cryoprotectant, both (-) AMK-NLC and (+) AMK-NLC presented 

the same MIC value in almost all of the strains (Table 4) compared to free AMK. In 
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addition, these formulations showed a decrease of a minimum 4-fold in MBIC in some 

strains (e.g., Pa2m); however, this activity enhancement was not transferred to 

improve MBEC. Concretely, the activity against PAO1 and Pa14 was very similar 

among AMK-NLC and free AMK. For FQSE06-0403 strain, nanoencapsulation led 

to a mild improvement of the activity, whereas Pa1m displayed the same results for 

all the formulations and the free drug control. To summarize, all AMK-NLC showed 

effectiveness close to that of free AMK. However, (-) AMK-NLC trehalose seemed 

to present a little better result in comparison to the other AMK-NLC formulations 

since it displayed a slight improvement in MBIC and MBEC values. 

As (+) SCM-NLC and (-) AMK-NLC, both with trehalose, were the formulations 

presenting the best activity against P. aeruginosa, this cryoprotectant was selected to 

proceed an in-depth screening using P. aeruginosa, K. pneumoniae and A. baumannii 

strains. On the one hand, results of the MIC susceptibility studies for (-) SCM-NLC 

and (+) SCM-NLC against these three superbugs are shown in Table 5. Regarding 

particle charge, no differences were observed among the tested strains. In fact, for P. 

aeruginosa strains, both formulations showed a slight better activity since MICs were 

reduced 2-fold compared to free SCM. Certainly, Pa10, an XDR strain resistant to 

SCM, showed much better activity (MIC reduction of 16-fold relative to free SCM); 

however, definitively, positive and negative SCM-NLC showed better results against 

K. pneumoniae and, especially, against A. baumannii strains (MIC reductions of 4/10-

fold relative to SCM, respectively).  

Table 5. MIC values of SCM-NLC and free SCM against P. aeruginosa (A), K. pneumoniae (B) and A. 

baumannii (C); (-), negatively charged NLC without chitosan; (+), positively charged NLC with chitosan. 

Pa, Pseudomonas aeruginosa; Kp, Klebsiella pneumoniae; Ab, Acinetobacter baumannii; details about all 

strains can be found in supplementary material. 

A            P. aeruginosa MIC (mg/L) 

Strain (-) SCM-NLC 

Trehalose 

(+) SCM-NLC 

Trehalose 

Free SCM 

ATCC Pa 27853 

Pa1016 

Pa3 

Pa4 

Pa46 

Pa54 

Pa116 

Pa166 

Pa167 

0.5 

0.25 

0.25 

0.25 

0.5 

0.5 

0.125 

0.5 

0.25 

0.5 

0.25 

0.25 

0.25 

0.5 

0.5 

0.125 

0.5 

0.25 

1 

0.5 

0.5 

0.5 

0.5 

0.5 

0.25 

0.5 

0.5 
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Pa179 

Pa17 

Pa10 

Pa11 

Pa13 

Pa15 

0.25 

0.25 

8 

0.25 

0.25 

0.03 

0.25 

0.125 

8 

0.25 

0.25 

0.03 

0.5 

0.5 

128 

1 

1 

0.03 

B          K. pneumoniae MIC (mg/L) 

Strain (-) SCM-NLC 

Trehalose 

(+) SCM-NLC 

Trehalose 

Free SCM 

ATCC E. coli 25922 

Kp1 

Kp2 

Kp3 

Kp4 

Kp5 

Kp6 

Kp7 

Kp8 

Kp9 

Kp10 

Kp11 

Kp12 

Kp13 

0.25 

0.25 

0.25 

0.25 

0.5 

0.5 

1 

0.25 

0.5 

0.25 

0.5 

32 

0.5 

0.5 

0.25 

0.25 

0.25 

0.25 

0.5 

0.5 

1 

0.25 

0.5 

0.25 

0.25 

32 

0.5 

0.5 

1 

1 

1 

1 

2 

2 

4 

2 

1 

2 

2 

32 

2 

1 

C          A. baumannii MIC (mg/L) 

Strain (-) SCM-NLC 

Trehalose 

(+) SCM-NLC 

Trehalose 

Free SCM 

ATCC Ab 19606 

Ab360 

Ab3581 

Ab4249 

Ab4275 

Ab60 

Ab3343 

Ab4256 

Ab3202 

Ab771 

Ab769 

Ab181 

Ab1959 

Abl1 

Abl4 

Ab308 

0.25 

0.5 

0.5 

0.25 

0.5 

0.25 

0.5 

0.25 

0.25 

0.5 

0.5 

0.25 

0.25 

0.25 

0.5 

0.25 

0.25 

0.5 

0.5 

0.25 

0.25 

0.25 

0.5 

0.25 

0.125 

0.25 

0.5 

0.25 

0.25 

0.25 

0.25 

0.25 

1 

2 

2 

1 

2 

1 

1 

2 

1 

2 

2 

1 

2 

2 

1 

1 

 

On the other hand, results of the MIC susceptibility studies for (-) AMK-NLC and (+) 

AMK-NLC are shown in Table 6. No differences were observed in their activities 

against all the tested strains. For P. aeruginosa and some A. baumannii strains, both 

formulations showed a slight better activity (MIC reductions of 2-fold compared to 

the activity of free AMK). Nevertheless, for K. pneumoniae strains, no differences 

were observed in the activity of AMK-NLC formulations and free AMK.  
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Table 6. MIC values of AMK-NLC and free AMK against P. aeruginosa (A), K. pneumoniae (B) and A. 

baumannii (C); (-), negatively charged NLC without chitosan; (+), positively charged NLC with chitosan. 

Pa, Pseudomonas aeruginosa; Kp, Klebsiella pneumoniae; Ab, Acinetobacter baumannii; details about all 

strains can be found in supplementary material. 

A            P. aeruginosa MIC (mg/L) 

Strain (-) AMK-NLC 

Trehalose 

(+) AMK-NLC 

Trehalose 

Free AMK 

ATCC Pa 27853 

Pa1016 

Pa3 

Pa4 

Pa46 

Pa54 

Pa116 

Pa166 

Pa167 

Pa179 

Pa17 

Pa10 

Pa11 

Pa13 

Pa15 

0.5 

0.5 

8 

0.5 

8 

8 

1 

1 

2 

1 

0.5 

4 

1 

0.5 

8 

0.5 

0.5 

8 

0.5 

8 

8 

1 

1 

2 

1 

0.5 

4 

1 

0.5 

8 

1 

1 

32 

1 

16 

16 

1 

2 

4 

1 

1 

4 

1 

1 

8 

B          K. pneumoniae MIC (mg/L) 

Strain (-) AMK-NLC 

Trehalose 

(+) AMK-NLC 

Trehalose 

Free AMK 

ATCC E. coli 25922 

Kp1 

Kp2 

Kp3 

Kp4 

Kp5 

Kp6 

Kp7 

Kp8 

Kp9 

Kp10 

Kp11 

Kp12 

Kp13 

2 

2 

>64 

16 

2 

2 

2 

2 

2 

0.5 

1 

2 

0.5 

0.5 

2 

2 

>64 

16 

2 

2 

4 

2 

2 

0.5 

2 

2 

0.5 

0.5 

2 

2 

>64 

16 

2 

2 

2 

2 

4 

0.5 

2 

2 

0.5 

0.5 

C          A. baumannii MIC (mg/L) 

Strain (-) AMK-NLC 

Trehalose 

(+) AMK-NLC 

Trehalose 

Free AMK 

ATCC Ab 19606 

Ab360 

Ab3581 

Ab4249 

Ab4275 

Ab60 

Ab3343 

Ab4256 

Ab3202 

Ab771 

Ab769 

Ab181 

1 

4 

2 

8 

4 

2 

8 

1 

2 

4 

8 

>256 

1 

4 

2 

8 

2 

2 

8 

1 

2 

4 

8 

>256 

1 

2 

4 

8 

4 

2 

16 

1 

2 

8 

8 

128 
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Ab1959 

Abl1 

Abl4 

Ab308 

8 

>256 

4 

16 

8 

>256 

4 

16 

16 

64 

4 

32 

 

All in all, it can be concluded that it is not worthwhile using chitosan with the aim of 

improving antibiotic-NLC activity since no significant differences were found 

between particles and free drug, despite analyzing a high number of strains in 

planktonic conditions, also considering the associated higher production costs 

compared to negative formulations. However, it is important to note that the 

negatively charged formulation that gave the best activity results was (-) SCM-NLC, 

concretely against A. baumannii. For these reasons, an in vivo neutropenic murine 

pneumonia model infected with A. baumannii was developed to test (-) SCM-NLC 

efficacy.  

Results from the efficacy in vivo study are shown in Table 7. It can be observed that 

IM free SCM 60 mg/kg q6h, IP (-) SCM-NLC q12h and IP (-) SCM-NLC q24h 

treatments were significantly more effective than the saline control group, showing a 

reduction of 2.75, 2.98 and 3.31 log10 CFU/g lung median, respectively (p < 0.05). 

However, no significant effect was observed among IM free SCM 60 mg/kg q6h and 

the two IP (-) SCM-NLC treatment groups. (-) SCM-NLC 12 mg/kg q12h and q24h 

IM presented the same effect as the saline control group. 

Table 7. Results from the in vivo studies 

Route Treatment N Log10 cfu/g lung median 

(IQR25-75) 

IM 

Control 0.9 % NaCl q6h 

SCM 60 mg/kg q6h 

(-) SCM-NLC 12 mg/kg q12h 

(-) SCM-NLC 12 mg/kg q24h 

10 

8 

8 

7 

6.33 (4.94-7.07) 

3.58 (3.15-4.01)a 

5.91 (4.57-6.41) 

6.56 (5.37-7.09) 

IP 
(-) SCM-NLC 6 mg/kg q 12h 

(-) SCM-NLC 6 mg/kg q24h 

7 

8 

3.35 (2.87-4.67)a 

3.02 (2.19-4.40)a 

N; number of animals IQR; interquartile range, NaCl; sodium chloride, CFU; colony-forming units, SCM; 

sodium colistimethate, IM; intramuscular, IP; intraperitoneal; ap value < 0.05 vs control 
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4. Discussion 

Nanoencapsulation provides a sustained release of the active ingredient that can lead 

to lower plasmatic concentration of the drug, contributing to a safer toxicological 

profile. In addition, it has been described in the literature that nanoencapsulation of 

antibiotics could improve antibiotic disposition leading to an enhanced activity of the 

drug. Based on these hypotheses, in this work, SCM and AMK were selected to be 

encapsulated into lipid nanoparticles, concretely into NLC, to obtain SCM- or AMK-

loaded NLC (SCM-NLC or AMK-NLC) with the aim of testing their efficacy against 

a range of different resistant strains. Previous works reported that freeze-dried SCM-

NLC, including trehalose as cryoprotectant (SCM-NLC trehalose), displayed higher 

antimicrobial activity than nanoparticles using mannitol (9). In the present work, 

cryoprotectant effectiveness of trehalose was compared to that of dextran. Dextran 

was selected because it has been found to provide protection and improved stability 

of drugs in amorphous matrices during storage (21), as it is the case of NLC. On the 

other hand, negative and positive surface charges were also assessed. It has been 

widely reported in the literature that positively charged nanoparticles might increase 

antimicrobial activity due to surface/membrane stronger interaction (18). In addition, 

it is well known that, specifically, chitosan has considerable antibacterial properties 

(22), which possibly could have a synergistic effect with the loaded antibiotic. Finally, 

a HPH step was included to the production process in order to handle higher working 

volumes during industrial batch preparation. Most industries have already adopted 

HPH for various applications. The main advantages of our preparation method 

coupled to HPH are i) good reproducibility, ii) suitability of the homogenization 

technology for large scale productions, and iii) organic solvent free method (23).  

Regarding to the particle size, HPH step inclusion led to a smaller size compared to 

the previous data reported on SCM-NLC trehalose (412.5 ± 13.9 nm vs 67.33 ± 2.06 

nm). This size reduction could play an important role in terms of penetration across 

different layers. It has been widely described that in the case of liposomes, a 

significant penetration is detected in the size range of hundreds of nanometers (24). 

In addition, for instance, in cystic fibrosis the mesh spacing of the sputum is reported 

to present an average size of ∼140 ± 50 nm (range: 60–300 nm) and hence, this smaller 

particle size could improve mucus penetration (25). As it could be expected, the 
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coating process led to bigger particle size. Such increase could be attributed to the 

chitosan coating around the NLC or a possible aggregation of the particles caused by 

the sticky nature of the polymer (13). However, no particle aggregation was expected 

since PDI values were acceptable for such lipid-based carriers (26), as verified by the 

ease of resuspending after lyophilization. 

Turning to zeta potential, all SCM-NLC resulted to be stable just as (-) AMK-NLC, 

while (+) AMK-NLC showed lower values, close to 0 mV, providing a less stable 

colloidal system.  

On the other hand, AMK-NLC achieved the highest EE, very likely due to a lower 

drug water solubility and a higher affinity for the lipid phase. Also, AMK-NLC 

showed a slower drug release profile compared to SCM-NLC, mainly due to amikacin 

hydrophobicity, and partly because of the lower amount of non-encapsulated drug that 

led to a milder initial release. The release profile, as well as EE, can vary from one 

drug to another depending on the affinity of the drug to the lipid matrix and to the 

aqueous media (27). In addition, it is noteworthy to mention that administration of 

free and nanoencapsulated drug might present a synergic effect by rapidly making 

available a small drug amount and slowly releasing the encapsulated drug, as already 

reported by Pulmaquin® (Aradigm Corporation, Hayward, CA, US) (28). 

TEM images showed that 0.5 % chitosan concentration (13) turned out to be excessive 

and therefore, the coating process should be optimized either by adding less coating 

agent or by incorporating a washing step. In addition, in the case of both (-) AMK-

NLC and (+) AMK-NLC, a stronger mixing conditions should have been used, as it 

seems that aggregation was higher for AMK-NLC than for SCM-NLC. Only (-) SCM-

NLC showed a homogeneous and spherical shape, in accordance to TEM images of 

other NLC (11).  

Also, one of the aims of this work was to study the antimicrobial activity of SCM-

NLC and AMK-NLC pointing out the effectiveness in planktonic and biofilm cells. 

The first preliminary screening in P. aeruginosa strains revealed that trehalose seemed 

to be the most suitable cryoprotectant, capable of better preserving antibiotic efficacy. 

This result is in accordance with the investigation of Crowe et al., who demonstrated 
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that trehalose might be superior to other sugars for preserving freeze-dried lipid 

carriers (29).  

Besides, it is postulated that as bacteria present negative net charge, they can interact 

with positively charged particles, easing penetration through biofilm and even 

inducing cell wall disruption, as occur with ammonium quaternary salts (18,30). As a 

matter of fact, (+) SCM-NLC led to lower MIC, MBIC and MBEC, especially in P. 

aeruginosa, in accordance with other authors reporting that positively charged small 

particles diffuse more efficiently through the biofilm formed by this bug (18,31,32). 

On the contrary, (+) AMK-NLC displayed similar effectiveness to free AMK, 

probably because the positive coating did not achieve high zeta potential and thus 

could hinder charge interaction. When an in-depth screening was carried out in a 

higher amount of strains, no significant differences were found between positive and 

negative antibiotic-loaded nanoparticles; thus, chitosan coating was discarded, taking 

into account the inconvenient manufacturing process cost-efficiency, from both an 

economical and production time point of view.  

For those reasons, (-) SCM-NLC were the selected formulation to perform an efficacy 

in vivo study. It is noteworthy to mention that, on the one hand, IP (-) SCM-NLC 6 

mg/kg q12h and IP (-) SCM-NLC 6 mg/kg q24h achieved the same efficacy as that 

for free SCM with a ten times lower dose and; on the other hand, a dose interval of 

q24h for IP (-) SCM-NLC 6 mg/kg achieved the same activity as free SCM 60 mg/kg, 

with a q6h dose interval, potentially reducing treatment cost. So, it can be speculated 

that encapsulation process enhanced the antimicrobial activity of SCM, probably 

because NLC are capable of avoiding early drug degradation; hence, improving its 

stability and enhancing in vivo drug disposition. Those findings are in line with Puglia 

et al. who reported that curcumin availability was considerable improved when 

embedded into NLC (33). In addition, it is worth noting that the fewer administrations 

the better patient quality of life. Therefore, (-) SCM-NLC 6mg/kg q24h seems a 

promising innovative formulation that could become a very useful weapon to fight 

against resistant pulmonary bacterial infections, above all when administered 

following IP route. Achieving a considerable antibiotic dose reduction paves the way 

to the possibility of greatly enhancing SCM safety and perhaps of obtaining better 

efficacy with a future dose escalation.  
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5. Conclusion 

In conclusion, in an attempt to improve the disposition and, consequently, the 

antimicrobial activity of SCM and AMK, these drugs were nano-encapsulated into 

nanostructured lipid carriers or NLC. The addition of a high-pressure homogenization 

step allowed to work with bigger size batches and both negatively and positively 

charged NLC were correctly produced. It was shown that encapsulation did not reduce 

drug efficacy but positive chitosan coating was discarded due to its low cost-

efficiency. Negatively charged SCM-NLC, with trehalose as cryoprotectant, were 

selected for their better efficacy in several bacteria strains, especially in A. baumannii. 

Finally, the in vivo efficacy study revealed that (-) SCM-NLC could be administered 

with a dose interval of q24h (in spite of q6h for free SCM) and with a 10-fold lower 

dose (6 mg/kg) to achieve the same effect of the current SCM treatment dose (60 

mg/kg). IP (-) SCM-NLC 6mg/kg q24h could represent a promising option to fight 

against resistant pulmonary infections due to A. baumannii and successfully tackle the 

alarming AMR problem.  
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ABSTRACT 

The usefulness of nanotechnology to increase the bioavailability of drugs and decrease 

their toxicity may be a tool to deal with multiresistant P. aeruginosa respiratory 

infections. We describe the preparation and the in vivo efficacy and safety of sodium 

colistimethate-loaded nanostructured lipid carriers (SCM-NLC) by the pulmonary and 

intramuscular routes. Nanoparticles showed 1-2 mg/L minimum inhibitory 

concentration against eight extensively drug-resistant P. aeruginosa strains. In vivo, 

SCM-NLC displayed significantly lower CFU/g lung than the saline and similar to 

that of the free SCM, even the dose in SCM-NLC group was lower than free SCM. 

There was no tissue damage related to the treatments. Biodistribution assessments 

showed a mild systemic absorption after nebulization and a notorious absorption after 

IM route. Altogether, it could be concluded that SCM-NLC were effective in vivo 

against P. aeruginosa, not toxic and distribute efficiently to the lung and liver after 

pulmonary or intramuscular administrations. 
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1. Introduction 

Antimicrobial resistance has emerged as a result of the use and misuse of antibiotics, 

leading to the beginning of a post-antibiotic era where minor injuries and previously 

treatable illnesses will be fatal again. Indeed, antibiotic resistance is a serious threat 

for global public health, jeopardizing the latest improvements in control of diseases, 

such as organ transplants, cancer chemotherapy or major surgery [1]. It is estimated 

that 51,000 health care-associated P. aeruginosa infections occur in the United States 

every year. More than 6000 (or 13 %) of these are multidrug-resistant, with roughly 

400 deaths per year attributed to these infections. Alarmingly, some of these strains 

were not susceptible to any antipseudomonal compound [2]. In this framework, 

colistin, and its pro-drug, sodium colistimethate, were proposed as rescue therapy in 

late 1990s and 2000s. Colistin is an antimicrobial peptide that is used for handling 

multidrug-resistant gram-negative bacteria, but cases of colistin-resistance are 

becoming widely reported and there are even cases of resistance to colistin in patients 

that have never previously used this antibiotic [3]. Moreover, the difficulty of using 

colistin, mainly in severely ill patients, and its high nephro- and neurotoxicity should 

be highlighted [4].  

In this regard, the use of nanotechnology has arisen as an alternative against 

multidrug-resistant bacteria. Depending on the nature of the polymer, nanoparticles 

can be biodegradable, be biocompatible and release drugs in a controlled manner 

preventing drug deactivation or fostering mucoadhesion. Nanoparticles can be 

tailored depending on the drug, the route of administration or the target disease. 

Among different drug delivery systems, nanostructured lipid carriers (NLC) have 

gained the attention of many research groups as promising second-generation of lipid 

nanoparticles. These nanoparticles present a lipid core made of liquid and solid lipids 

leading to disordered matrix and providing more space for drug loading. Our research 

group has already encapsulated different compounds showing the versatility of these 

drug delivery systems [5–8]. NLC offers high drug loading and stability as well as 

good tolerability as the lipids selected for the preparation are under GRAS (Generally 

Refer As Safe) FDA-denomination [9].  
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Overall, the aims of this study are the following; first, to prepare sodium 

colistimethate-loaded nanostructured lipid carriers (SCM-NLC) and prove their in 

vitro antimicrobial activity against different multiresistant P. aeruginosa (Mr-Pa) 

clinical isolates; second, to evaluate the toxicity, the biodistribution and the 

effectiveness of the pulmonary administration of nebulized SCM-NLC and 

intramuscular (IM) administration of SCM-NLC against an extensively drug-resistant 

(XDR)-Pa strain in an acute pneumonia model in mice. 

2. Materials and methods 

2.1. Materials 

Precirol® ATO 5 and Miglyol 182 N/F were kindly provided by Gattefossé (Madrid, 

Spain) and Sasol (Hamburg, Germany), respectively. Poloxamer 188, Lutrol® LF68 

was a kind gift by BASF (Ludwigshafen, Germany). Polysorbate, Tween® 80 was 

purchased by Panreac Química (Castellar del Vallès, Barcelona, Spain). Sodium 

colistimethate was provided by LGC and trehalose and IR-783 dye were purchased 

from Sigma-Aldrich (St. Louis, MO, US). Amicon® centrifuge filters presenting a 

molecular weight cut-off of 100 kDa were purchased from Merck Millipore 

(Darmstadt, Germany). Tryptic Soy Agar (TSA) and McFarland pattern, 

DensiCHEKTM Plus, were purchased from BioMérieux® SA (Marcy l’Etoile, France) 

and Tryptic Soy Broth (TSB) and Müller Hinton Broth (MHB) were purchased from 

Becton Dickinson (Le Pont de Clarx, France). Other chemicals were all analytical 

grade. 

2.2. Methods 

2.2.1. NLC preparation 

Sodium colistimethate loaded-nanostructured lipid carriers (SCM-NLC) were 

prepared using hot melt homogenization following the protocol previously reported 

by our research group with a slight variation in sonication potency, as a scale-up 

process implementation [7]. Briefly, Precirol® ATO 5 and Miglyol 182 N/F were 

melted with the drug to achieve the oily phase (10:1:1). Simultaneously, the aqueous 

phase was prepared dissolving Tween® 80 at 1.3% (w/v) and Poloxamer 188 at 0.6% 

(w/v) and then the solution was tempered above the melting temperature of the solid 
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lipid. Both phases were mixed and emulsified under sonication for 15 s at 50 W. 

Afterwards, the resulting emulsion was gradually cooled down and kept under 5 ± 2 

°C overnight. Subsequently, particles were washed three times by ultrafiltration using 

Amicon® filters provided with molecular weight cut-off membrane. 15% (w/w) of 

trehalose was added to the formulation as cryo-preserving agent prior to the freeze-

drying step.  

For biodistribution assays, infrared labeled NLC (IR-NLC) were prepared as 

mentioned before but using IR-783 dye at 3.8 % (w/w) instead of the antibiotic.  

Henceforth, bear in mind that any dose (mostly expressed as mg/kg) of SCM-NLC 

refers to the drug and not to the total nanoparticles weight. 

2.2.2. NLC characterization 

First, nanoparticles were defined for size, polydispersity index and zeta potential 

determination by means of Zetasizer Nano ZS (Malvern Instruments, Worcestershire, 

UK).  

For microscopy analysis, the coyote technique was selected. Samples were processed 

directly in liquid ethane (without staining) to observe the nanoparticles in the hydrated 

and almost-native state [10].  

Fourier transform infrared (FTIR) spectra of free SCM, SCM-NLC and blank-NLC 

(NLC with no loaded drug) were carried out on a Nicolet Nexus FTIR spectrometer 

using ATR Golden Gate (Thermo Scientific, Madrid, Spain) with a crystal ZnSe. The 

sample was placed directly onto the ATR crystal and spectrum was obtained in 

transmittance mode. Each spectrum was the result of the average of 32 scans at 4 cm−1 

resolution. Measurements were recorded in the wavelength range of 4000-750 cm−1.  

Encapsulation efficiency was calculated indirectly by HPLC, quantifying the amount 

of the drug in the supernatant [7]. Briefly, the chromatographic conditions were set as 

follows: a Novapak C18×150 mm column with a 4 μm pore size, the mobile phase 

consisting of 77% of an aqueous solution and 23 % of acetonitrile, and detection 

wavelength of 206 nm. Once quantified, the encapsulation efficiency (EE) was 

estimated according to this equation:  
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𝐸𝐸 % =
[(𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔) − (𝑛𝑜𝑛 − 𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑 𝑑𝑟𝑢𝑔)]

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔
 𝑥 100 

Similarly, the drug release profile was also assessed by HPLC. 25 mg of NLC was 

weighed and re-suspended in 5 ml of PBS (pH 7.4). Then, the suspension was stirred 

using rotary mixing at 37 °C. At pre-established time points, samples were 

ultrafiltrated by Amicon® centrifugal devices for 15 min and the drug content in the 

supernatants was analyzed by HPLC as described above. Samples were studied in 

triplicate and results are expressed as the percentage of the drug released. 

2.2.3. Microbiological test 

Antimicrobial activity of SCM-NLC was tested against eight clinical isolates of 

Pseudomonas aeruginosa, more precisely against three extensively drug-resistant 

(XDR) strains (Pa1016, Pa46, Pa54), four multidrug-resistant (MDR) strains (Pa116, 

Pa166, Pa167, Pa179) and one moderate drug-resistant (modR) strain (Pa17). Strains 

were originally isolated of patients from different hospitals in Spain. Molecular 

multilocus sequence typing (MLST), according to protocols and databases available 

(pubmlst.org/paeruginosa), revealed that modR isolate belonged to clone ST162, and 

3 XDR and 4 MDR strains belonged to ST175 or ST111, both recognized as 

international high-risk clones circulating in Spain [11,12]. Regarding to resistance 

mechanisms of theses strains: one ST175 (Pa1016) included specific chromosomal-

mutational mechanism like inactivation of the porin OprD, hyperproduction of AmpC 

and overexpression of efflux pumps, where another ST175 (Pa167) and two ST111 

(Pa46, Pa54) included an acquired resistance mechanism, mediated by the production 

of the VIM-2 β-lactamase. ModR strain (Pa17) presented an inactivation of the porin 

OprD. PCR of genes encoding blaKPC, blaOXA, blaNDM, blaOXA-48, blaVIM and 

blaIMP was negative for the other strains.  

The minimum inhibitory concentration (MIC) values of SCM-NLC and free SCM 

were determined by broth microdilution method according to Clinical and Laboratory 

Standards Institute (CLSI) guidelines and breakpoints [13]. P. aeruginosa ATCC 

27853 was used as a control strain for the susceptibly testing. Briefly, SCM-NLC or 

free SCM was resuspended in MHB and placed in the first row of 96-well plates. Next, 

decreasing concentrations were obtained by serial dilutions (1:2), starting from 32 
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mg/L. A concentration of 5·105 colony-forming units (CFU)/mL bacterial suspension 

was added to each well. Finally, the plates were incubated for 24 h at 37 °C. Negative 

controls and positive control were also assessed. The MIC was defined as the lowest 

antibiotic concentration that can prevent visible bacterial growth. The assay was run 

in triplicate. 

2.2.4. In vivo experiments 

148 Balb/c female mice, weighing 20 to 22 g, were purchased from Charles River 

(Spain) and all of them were treated following the Spanish legislation and the 

European Community Council Directive on “Protection of Animals used in 

Experimental and Other Scientific purpose” from July the 22nd 2003 (2033/65/CE). 

The experimental protocols were approved by the Animal Experimentation Ethics 

Committee of Vall d’Hebron Research Institute (registration number 79/12 CEEA) 

and the Ministry of Environment of the Catalan Government (registration number 

8077). The mice were housed under controlled conditions: 12 h dark/light cycles, food 

and water ad libitum and hyperoxia (95% O2, measured by Beckman oxygen 

analyzer).  

Two different administration routes where selected in these experiments: (i) the 

pulmonary administration of nebulized SCM-NLC in order to develop a drug delivery 

system with local action for lung infections; (ii) the intramuscular (IM) route as an 

alternative route that could be used in severe infections or in combination with the 

pulmonary route.  

Three different experiments were designed for the evaluation of the in vivo behavior 

of the SCM-NLC. The efficacy and safety of the SCM-NLC were assessed against 

free SCM and blank-NLC. 

2.2.5. In vivo efficacy study in acute pneumonia model 

The acute pneumonia model and the assay procedure were developed at Vall d´Hebron 

Research Institute, based on previously published work [14]. Briefly, Balb/c female 

mice (n=40) were infected with 1·108 CFU/mL of XDR P. aeruginosa 1016R strain 

by nasal instillation of 30 μL. Therapy was initiated 1.5 h after infection. The mice 

were treated for 3 days with: nebulized saline q12h (every 12 h); nebulized free SCM 
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15 mg/ kg q12h; nebulized SCM-NLC 2.8 mg/kg q12h or q24h (every 24 h); IM free 

SCM 80 mg/kg q12h; IM SCM-NLC 2.8 mg/kg q12h or q24h. The groups receiving 

the free drug were administered 324 μg of antibiotic (15 mg/kg) and 1700 μg of 

antibiotic (80 mg/kg) q12h, whereas the SCM-NLC groups received 70 μg of 

antibiotic (2.8 mg/kg) per dose. All treatments were resuspended in saline. Table 1 

details the route, dose and schedule of administration of the studied groups. To 

administer free or encapsulated antibiotic by pulmonary route, the mice were 

anaesthetized with isoflurane (O2 at 1 L/min) and placed on a suitable platform for the 

use of the nebulization device, MicroSprayer® aerosolizer (Model IA-1C. 

PennCentury, Inc. PA.USA) through a high pressure syringe FMJ-250 (PennCentury, 

Inc. PA, USA) with the aid of a laryngoscope (PennCentury, Inc. PA, USA). For IM 

route, animals were anesthetized and free SCM or SCM-NLC were administered in 

the thigh muscles of the hind limb. During the study, animals were kept under 

hyperoxia (O2 95%) to better simulate the mechanical ventilation conditions 

associated with the clinical context. Mice were euthanized 4 h after the last dose by 

cervical dislocation. The lungs were processed for quantitative culture, after being 

homogenized (UltraTurrax® T25; IKA Works, Inc., Wilmington, USA) for 2 min in 5 

mL of sterile PBS pH 7.2. Samples were plated on agar for 24 h at 37 °C and lung 

bacterial density (log10 CFU/g lung) among groups was compared.
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Table 1. Mouse group distribution in the efficacy study. 

Route Description Amount of SCM per dose (µg) Daily dose (µg) Total dose (µg)) 

Pulmonary Control NaCl q12h 

Free SCM 15 mg/kg q12h 

SCM-NLC 2.8 mg/kg q12h 

SCM-NLC 2.8 mg/kg q24h 

0 

324 

70 

70 

0 

648 

140 

70 

0 

1944 

420 

210 

IM Free SCM 80 mg/kg q12h 

SCM-NLC 2.8 mg/kg q12h 

SCM-NLC 2.8 mg/kg q24h 

1700 

70 

70 

3400 

140 

70 

10,200 

420 

210 

 

Table 2. Experimental groups in the toxicity study. 

Route Group Description Amount of SCM per dose (µg) Total dose (µg) 

Pulmonary T1.1 

T1.2 

T1.3 

SCM-NLC 2.8 mg/kg q12h (hyperoxia) 

SCM-NLC 2.8 mg/kg q24h (hyperoxia) 

Control NaCl q12h (hyperoxia) 

70 

70 

0 

420 

210 

0 

IM T2.1 

T2.2 

T2.3 

T2.4 

T2.5 

T2.6 

SCM-NLC 2.8 mg/kg q12h 

SCM-NLC 2.8 mg/kg q24h 

Blank-NLC q24h (equiv. to 2.8 mg/kg) 

Free SCM 2.8 mg/kg q12h 

Free SCM 2.8 mg/kg q24h 

Control NaCl q12h 

70 

70 

0 

70 

70 

0 

560 

280 

0 

560 

280 

0 

IM T3.1 SCM-NLC 5.6 mg/kg q24h 140 560 
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T3.2 

T3.3 

T3.4 

T3.5 

T3.6 

SCM-NLC 11.2 mg/kg q24h 

Blank-NLC q24h (equiv. to 5.6 mg/kg) 

Blank-NLC q24h (equiv. to 11.2 mg/kg) 

Free SCM 8 mg/kg q24h 

Control NaCl q12h 

280 

0 

0 

200 

0 

1,120 

0 

0 

800 

0 
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2.2.6. In vivo toxicity studies in healthy mice 

To evaluate the potential toxicity of the SCM-NLC, three different studies were 

carried out in healthy mice (Table 2). On the one hand, three groups (T1.1. to T1.3.) 

of mice were maintained under hyperoxia conditions and received SCM-NLC 2.8 

mg/kg either q12h or q24h pulmonary administered (n=10). At the end of the study at 

the third day, the lungs were dissected and fixed in paraformaldehyde 4%. On the 

other hand, six groups (T2.1. to T2.6.) received SCM-NLC 2.8 mg/kg, free SCM 2.8 

mg/kg or the equivalent amount of blank-NLC by the IM route (n=40). All treatments 

were resuspended in saline. However, this time, the mice were kept in a normal 

oxygen environment, so that the damage in any tissue could be attributed to NLC and 

not to the hyperoxia. When the study ended, after four days of treatment, the spleen, 

brain, heart, liver, lung and kidneys were removed.  

In both cases, to analyze the potential tissue damage, hematoxylin and eosin (Sigma-

Aldrich, St Louis, US) dying was performed after samples had been dehydrated, 

paraffin embedded and cut into 4 μm sections. In order to describe the inflammatory 

stage, a scoring system (0-4) was used, based on the leukocyte infiltration degree into 

the connective tissue. The score was set as, 0 no leukocytes, 1 a few leukocytes, 2 a 

ring of single-cell layer leukocytes, 3 a ring of 2-4 leukocytes layer deep and 4 a ring 

of leukocytes deeper than 4 cell layers [15].  

Finally, six additional experimental groups (T3.1. to T3.6.) were tested to evaluate 

whether higher doses could exert toxic effects (n=30). In this regard, the toxicity of 

SCM-NLC 5.6 mg/ kg and 11.2 mg/kg, blank-NLC, free SCM 8 mg/kg and saline 

solution was assessed by administering them daily by the IM route. At the end of the 

study, after four days of treatment, lungs, spleen, liver and kidneys were dissected and 

fixed, dehydrated and paraffin embedded to obtain 4 μm slide cuts. 

2.2.7. In vivo biodistribution studies in healthy mice 

Finally, biodistribution of NLC was studied in healthy mice, after pulmonary and IM 

administration (n=28). For this purpose, infrared-labeled NLC were prepared as 

reported in section 2.2.1. by loading IR-783 dye. Mice were administered IR-NLC 2.8 

mg/kg by the pulmonary or IM route using a Microsprayer® aerosolizer. All 
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treatments were resuspended in saline. At pre-established time points (5 min, 30 min, 

24 h and 48 h, see Figure 1), the mice were sacrificed and observed under LI-COR 

Pearl® impulse small animal imaging system (LI-COR Corporate). In Groups 6-7, 

additional doses of IR-NLC (at 24 and 48 h) were administered to study the 

cumulative effect that NLC might present; mice were sacrificed 2 h after the repeated 

dose administration. 

Figure 1. Schematic representation of the experimental groups in the biodistribution test. 

2.2.8. Statistical analysis 

Statistical Package for Social Sciences (SPSS) version 16.0 was used for statistical 

analysis. Concretely, Mann-Whitney U test were performed, and differences were 

considered statistically significant at P < 0.05. 

3. Results 

3.1. In vitro characterization 

Figure 2 summarizes the main characteristics of SCM-NLC. Nanoparticles displayed 

a particle size around ~350 nm with 0.29 polydispersity index (PDI), negative zeta 

potential and high encapsulation efficiency of ~95 %, giving 70 μg of SCM per 

formulation mg (Figure 2, A). In addition, cryo-TEM images revealed that the NLC 

consisted of spherical particles and the size observed in TEM was in accordance with 

the results obtained by dynamic light scattering technique (Figure 2, B). FTIR 

spectroscopy was used to determine any possible interaction between SCM and lipid 

carrier components (i.e. blank-NLC) at the level of functional groups. The FTIR 

spectrum of SCM exhibited a number of characteristic protein transmission bands 

(cm−1) representing C=O (1645, amide I) and CN stretching (1525, amide II). Blank-
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NLC showed typical peaks of lipid components such as O–H stretching (3382), 

aliphatic C–H (2914, CH3 and CH2) asymmetrical stretching, aliphatic C-H (2849, 

CH3 and CH2) symmetrical stretching, C=O (1735, carboxylic group) stretching, in 

addition to the vibrations associated with C-O and C-C (from 1150 to 800) bonds. 

SCM-NLC spectrum showed to be the combination of SCM and blank-NLC spectra 

since all peaks, described above, appeared. On the one hand, transmission value 

corresponding to SCM was slightly reduced, which indicated that SCM was 

successfully incorporated inside the lipid carrier. On the other hand, all the 

characteristic peaks of the blank-NLC were observed in the SCM-NLC spectrum and 

no predominate shifting of existing peaks or creation of new peaks occurred, 

suggesting that no chemical interaction took place among SCM and lipid components. 

Spectra of the three formulations can be found in Figure S1 (Supplementary Material). 

As to the release profile, it could be observed that SCM was released in a sustained 

manner, releasing 92 % of the content over 24 h (Figure 2, C). Using the CLSI 

interpretative standards, microbiological tests revealed that MIC values of SCM-NLC 

and free SCM were between 0.125 and 2 mg/L for all P. aeruginosa 

MDR/XDR/modR strains (Figure 2, D). 
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Figure 2. (A) Main properties of the SCM-NLC, where PDI means polydispersity index and EE represents 

encapsulation efficiency. (B) CryoTEM images. (C) The SCM-NLC release profile. (D) Sequence type, 

profile, resistance mechanism and MIC values of SCM-NLC and free SCM against 8 P. aeruginosa strains. 

aID, strain identification number; bST, sequence type; *PCR of genes encoding blaKPC, blaOXA, blaNDM, 

blaOXA-48, blaVIM, blaIMP was negative for these strains.
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3.2. In vivo efficacy study 

Table 3 summarizes the results of CFU per gram of lung obtained in this study. It 

should be pointed out that the groups nebulized with free SCM 15 mg/kg and SCM-

NLC 2.8 mg/kg, either q12h or q24h, presented significantly (P < 0.05) lower bacterial 

density in the lungs than the NaCl control group. SCM-NLC 2.8 mg/kg q24h achieved 

the highest reduction of more than 1 log10 CFU/g lung (P < 0.05). Regarding the IM 

route, free SCM 80 mg/kg and SCM-NLC 2.8 mg/kg q24h showed a significantly (P 

< 0.05) lower bacterial count in the lungs than the control group (Table 3). In other 

words, by the pulmonary route, 70 or 140 μg of SCM encapsulated in the nanoparticles 

achieved the same results as 648 μg of free SCM. Moreover, 140 μg of SCM 

encapsulated in NLC by the IM route presented a similar bacterial count to 3,400 μg 

of free SCM. 

Table 3. Lung bacterial density after the treatment with free SCM and SCM-NLC of an experimental acute 

pneumonia animal model caused by Pseudomonas aeruginosa 1016R. 

Route Treatment  Pa 1016R (XDR)  

  Total dose (µg) log10 cfu/g lung   

median (IQ25-75) 

Pulmonary Control NaCl q12h 

Free SCM 15mg/kg q12h 

SCM-NLC 2.8mg/kg q12h 

SCM-NLC 2.8mg/kg q24h 

0 

1944 

420 

210 

6.66 (6.50-7.61) 

5.70 (5.03-6.61)* 

6.21 (4.97-6.74)* 

5.64 (5.24-6.14)* 

IM Free SCM 80mg/kg q12h 

SCM-NLC 2.8mg/kg q12h 

SCM-NLC 2.8mg/kg q24h 

10,200 

420 

210 

6.03 (4.90-6.44)* 

6.37 (5.85-7.43) 

5.85 (4.97-6.45)* 

* P < 0.05 comparing with Control group 

3.3. In vivo toxicity studies 

When toxicity was studied under the pulmonary route, animals from control groups 

(T1.1. to T1.3.) were fixed under hyperoxia conditions (section 2.2.4.). Those animals 

survived until the end of the study and their behavior and aspect were almost the same 

as a healthy laboratory Balb/c mouse. However, histological analysis revealed that 

lung inflammation had already started in all the studied groups, probably because of 

hyperoxia condition. As shown in Figure 3, the results for all groups were quite 

similar, and the dosing schedule (SCM-NLC q12h or q24h) did not affect the 
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histological output significantly. For SCM-NLC administered q24h, the score of all 

the samples was defined as 4, whereas SCM-NLC q12h presented a lower mean score 

(2.6) but sample score distribution ranged from 1 to 4 points, leading to no significant 

differences (P > 0.05). When toxicity was studied under the IM route, in this case 

under environmental oxygen concentration (T2.1. to T2.6.), the animals grew 

healthily and, as shown in Figure 4, A, without significant differences (P > 0.05) 

between animal weights prior to the treatment and at the end of the study.  

Figure 3. Above, lung inflammatory scores for SCM-NLC given q12h or q24h when maintained under 

hyperoxia. Below, histological slides of two samples scored as 1 and 4. 

 

Also, free SCM 2.8 mg/kg (T2.4. and T2.5.) was administered by the IM route in order 

to ensure that low free SCM doses were innocuous. The histological analysis revealed 

no toxicity in tissues. The most remarkable events were splenic hematopoiesis (white 

arrows, Figure 4, B) and the effect called “dark neuron” in the brain (black arrows, 

Figure 4, B). However, both phenomena were detected in all groups (i.e. SCM-NLC, 

blank-NLC, free SCM and Control), suggesting that NLC were not responsible of that. 

Finally, no damage was found in the kidneys and brain in any case, reasserting the 

lack of toxicity of SCM-NLC. 
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Figure 4. (A) Weight evolution during toxicity study. (B) Histological slides of the spleen, brain and kidney 

at the end of the study; the slides were H&E stained. White arrows pointing to the splenic hematopoiesis 

and black arrows indicating the dark neurons phenomenon (both events were also found in Control groups).
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As Figure 5 shows, when the dose was increased in the IM route (groups T3.1. to 

T3.6.), no significant toxicity (P >0.05) effect was detected. Weights increased 

slightly as the study went on. In the lungs, alveolar walls were congested and 

extravasation of red blood cells was detected. The examination of the histological 

slides of the spleens revealed the presence of hematopoietic precursor cells related to 

an extramedullary hematopoietic process; however, this finding was observed in all 

the groups (including controls). All the liver samples displayed deposits of glycogen 

with granular degeneration changes that are especially clear in one mouse belonging 

to the T3.3. group (blank-NLC equivalent to 5.6 mg/kg of SCM-NLC). In this animal, 

the deposits were also observed macroscopically when removing the liver. On the 

contrary, the deposits detected in the T3.2, T3.4, and T3.5 groups were minimum. 

3.4. In vivo biodistribution study 

After nebulization (Figure 6, A), IR-NLC were mainly biodistributed in the lungs and 

to a lesser extent in liver. After 48 h, the signal of the liver decreased sharply, whereas 

the signal in the lung was still high. In addition, lungs displayed broad, homogeneous 

signal, meaning that IR-NLC were able to spread all over the lungs. IR-NLC were 

also detected in the kidneys and spleen, although at significantly lower concentrations. 

When extra doses were administered at 24 and 48 h, it could be observed that the 

signal in the lung had increased. Likewise, the signal from the liver, kidneys and 

gallbladder was also incremented but to a lesser extent.  

When IR-NLC were administered by the IM route, firstly the main signal was located 

at the injection site. However, within the 0.5-2 h period, the signal was transferred to 

other organs, such as the liver and gallbladder. After 24 h, the signal spread to other 

organs such as the lungs, kidneys and heart. When no additional doses were 

administered, this signal was detectable for 48 h, while when repeated doses were 

administered the signal stayed the same and increased over the study. Spleen 

displayed very low intensity. 
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Figure 5. Results of the toxicological study of the higher doses of SCM-NLC, free SCM and saline control 

administered by IM route. (A) Weight evolution during the study. (B) Histological slides of the lungs, 

spleen, liver and kidney at the end of the study; the slides were H&E stained. 
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Figure 6. Biodistribution study. (A) IR-NLC distribution after nebulization by Microsprayer® aerosolizer. 

(B) IR-NLC biodistribution after IM administration. 
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4. Discussion 

Our research group has already demonstrated the capability of SCM-NLC as a 

promising drug delivery system suitable for the treatment of Pseudomonas aeruginosa 

(IJP1) [7]. However, the effectiveness of the SCM-NLC in vivo and its toxicological 

profile remained unknown. Thus, this work was designed and carried out in order to 

shed light in these two issues: on the one hand, in vivo efficacy of SCM-NLC was 

tested against an extensively drug-resistant (XDR)-Pa strain in an acute pneumonia 

model in mice; on the other hand, safety aspects of SCM-NLC were investigated 

through in vivo toxicity and biodistribution studies. The size, encapsulation efficiency 

and zeta potential of the SCM-NLC were appropriate to dosage SCM efficiently and 

administrate the SCM-NLC using both administration routes; pulmonary and 

intramuscular route. Also, as FTIR assay showed, SCM was successfully incorporated 

inside nanoparticles and it appeared to be compatible with lipid carriers since no 

chemical interaction was found among them. This finding suggested that NLC could 

be suitable carriers for improving SCM efficiency since they might be capable of 

increasing SCM stability, preserving its structure and avoiding its rapid degradation. 

MIC values of SCM-NLC were similar to the free SCM value used as reference data 

obtained in a previous study by Aoki and colleagues [14]. These data demonstrate that 

nanoencapsulation did not affect the antimicrobial activity of SCM.  

The first issue aimed to address in this study was to test whether the SCM-NLC were 

able to exert antibiotic effect under acute pneumonia animal model. The effect showed 

by SCM-NLC during the efficacy study was similar to that of the free SCM group, 

either at pulmonary or at IM route. In this sense, it is important to highlight that the 

drug dose of SCM-NLC groups was significantly lower than the groups receiving free 

drug; i.e. maximum daily dose for SCM-NLC was 2.8-5.6 mg/kg, whereas free SCM 

15-30 mg/kg was administered by daily nebulization or free SCM80-160 mg/kg by 

daily intramuscular administrations. These striking results demonstrate the SCM-

NLC in vivo are more active than the free SCM because the same effect was observed 

using at least five times lower dose in SCM-NLC than free SCM. All these data 

demonstrate that the encapsulation process enhances the pharmacological effect of 

SCM. These results are in line with Wang et al. who reported that florfenicol 

encapsulated into lipid nanoparticle was more effective that free florfenicol [16]. In 
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addition, it is important to highlight that it has been widely reported that NLC are 

capable of improving the stability of different type of drugs, preserving their structure 

and avoiding its rapid degradation; also it has been proven that their composition 

allows the control of drug release, thereby drug concentration remains appropriate 

over time [17].  

In a next attempt, the toxicity of SCM-NLC was studied after pulmonary or IM 

administration. First, the toxicity of SCM-NLC under hyperoxia conditions was tested 

and although inflammatory state was established, this phenomenon was related to the 

increased presence of oxygen and not to SCM-NLC, since control groups also showed 

this phenomenon and it has already been proven that prolonged exposure to hyperoxia 

leads to lung inflammation and acute lung injury [17].  

Under atmospheric pressure, IM administration of SCM-NLC, blank-NLC or low 

doses of free SCM (T2.1. to T2.6.) led to absence of histological damage. Therefore, 

the non-toxic effect of SCM-NLC might be related to the low dosage of the drug. 

Splenic hematopoiesis was found in all groups so it seems not to be directly related to 

drug administration (i.e., free SCM and SCM-NLC). Also, the dark neuron 

phenomenon was detected for all groups and it has been previously reported to be 

associated with the biochemical processes related to the peri-mortem period, which 

induced tissue depolarization followed by peri- and intraneuronal attachment 

breakage during fixation, rather than to the treatments [18].  

When the higher doses were assessed (T3.1. to T3.6), almost no toxicologically 

important events that could be attributed to the treatments were detected. In lungs, just 

alveolar walls were congested and extravasation of red blood cells was detected while 

in spleens an extramedullary hematopoietic process was showed. This finding was 

observed in all the groups (including controls), suggesting it might be recognized as 

physiological events related to the in vivo manipulation of mice. Only one mouse of 

the T2.3. group (blank-NLC 5.6 mg/kg) presented granular deposits in liver. Deposits 

detected in the T3.2, T3.4 and T3.5 groups were minimum and they could be 

considered secondary physiologic glycogen accumulation.  

Thus, overall, it might be stated that the toxicity effect of SCM-NLC at different doses 

and the toxicity of NLC itself were negligible. Accordingly, the research work 
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published by Jamshidzadeh and colleagues reported that nanoencapsulated 

gentamycin displayed no nephrotoxicity at 100 mg/kg dose, whereas the free form of 

gentamycin presented severe degeneration of kidney proximal tubule cells, an 

increase in serum creatinine and blood urea nitrogen increase. Thus, in that study, 

nanoencapsulation resulted in a satisfactory approach for toxicity decrease [19].  

In the next study, the fate of the NLC was explored in a biodistribution study using 

NLC labeled with IR. Nebulization gave rise to a predominant lung disposition of 

NLC but also IR signal was slightly detected in other organs, suggesting a mild 

systemic absorption. In our previous work, where 1.6 mg of IR-NLC was administered 

by means of an inhalation tower, no systemic absorption was detected [7]. This change 

could be explained by the dose difference in the lungs of the mice, since when the 

inhalation tower was used a substantial part of the dose ended up in the gastrointestinal 

track lowering the dose that reached the lungs. In addition, the microsprayer used in 

this study allowed the whole dose to reach the lung (IJP1). As lungs display high 

vascularization, it is clear that part of the dose reaches systemic circulation. However, 

it is noteworthy to mention that, for pulmonary route, the signal detected in the 

kidneys was low. This fact could play a major role also decreasing nephrotoxicity. 

Contrary, the biodistribution images obtained after IM administration revealed that 

NLC remain mainly in the injection site, but also, in other organs such as, liver, 

gallbladder, lungs, kidneys and heart; suggesting a notorious systemic absorption of 

the NLC after IM route. Taking into account the results mentioned above, it could be 

speculated that pulmonary route might be selected in case of maintenance therapy for 

its main effect in lungs and its low nephrotoxicity, whereas, IM route may be more 

useful in an emergency situation as it showed a faster absorption.   

5. Conclusion 

In conclusion, the nanoparticles described in this work represent a promising approach 

for fighting against MDR/XDR Pseudomonas aeruginosa infections. Firstly, these 

nanoparticles displayed suitable size, zeta potential, MIC and sustained drug release. 

Moreover, it was confirmed that SCM-NLC were active against XDR Pseudomonas 

aeruginosa in an acute pneumonia model in mice and in addition presented no toxic 

effect. Finally, it is particularly noteworthy to mention that both administration routes 
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can be exploited, depending on specific needs: (i) in case of maintenance therapy, 

pulmonary route is recommended; (ii) for an emergency circumstance, IM route is 

advisable. Further studies are required for the preclinical development of the lipid 

nanoparticle, but this work provides an early proof of the effectiveness and non-

toxicity of SCM-NLC, under pulmonary and IM administration routes. 
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Figure S1. FTIR spectra of SCM (A), blank-NLC (B) and SCM-NLC (C)
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ABSTRACT 

Re-activation of the healing process is a major challenge in the field of chronic wound 

treatment. For that purpose, lipid-nanoparticles, especially nanostructured lipid 

carriers (NLC), possess extremely useful characteristics such as biodegradability, 

biocompatibility and long-term stability, besides being suitable for drug delivery. 

Moreover, they maintain wound moisture due to their occlusive properties, which 

have been associated with increased healing rates. In the light of above, NLC have 

been extensively used topically for wound healing; but to date, there are no safety-

preclinical studies concerning such type of application. Thus, in this work, 

biodistribution studies were performed in rats with the NLC previously developed by 

our research group, using technetium-99m (99mTc-NLC) as radiomarker, topically 

administered on a wound. 99mTc-NLC remained on the wound for 24 h and systemic 

absorption was not observed after administration. In addition, toxicological studies 

were performed to assess NLC safety after topical administration. The results obtained 

demonstrated that NLC were non-cytotoxic, non-sensitizing and non-

irritant/corrosive. Overall, it might be concluded that developed NLC remained at the 



 

 

administration area, potentially exerting a local effect, and were safe after topical 

administration on wounds. 

Published in: International Journal of Pharmaceutics  
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1. Introduction 

In recent years, lipid-nanoparticles, i.e. solid lipid nanoparticles (SLN) and 

nanostructured lipid carriers (NLC), have attracted much attention as effective, 

biodegradable, biocompatible and non-toxic carriers, exhibiting many adequate 

features for dermal application of cosmetics and pharmaceutics [1]. Consequently, 

SLN and NLC have been broadly considered as suitable and efficient systems for 

improving wound healing because of their occlusive properties that increase skin 

hydration and enhance drug penetration [2,3]. Therefore, the use of these lipid 

nanoparticles is an interesting strategy for chronic wound treatment as they promote 

an appropriate wound bed that could re-activate the healing process.  

Wound healing is an indispensable and complex physiological process required to 

regenerate and repair any damaged area in the shortest time. This process starts with 

an inflammatory phase, followed by proliferative and remodeling ones [4]. Chronic 

wounds tend to stall in the inflammatory phase, hampering progression into the 

proliferative step and delaying or stopping the wound healing process; thus, affecting 

the patient quality of life [5]. In view of the foregoing, development of effective and 

safe therapeutic alternatives able to re-activate healing is a major breakthrough.  

To date, NLC have shown greater stability and loading capacity compared to SLN due 

to their composition, as NLC are composed of a blend of solid and liquid lipids that 

leads to a less ordered inner structure compared to the crystalline matrix of SLN [1]. 

Moreover, several research groups have demonstrated the efficacy of NLC as drug 

delivery systems to improve wound healing. Previous studies published by our 

research group have shown that epidermal growth factor (EGF) loaded NLC enhanced 

wound healing both in vitro and in vivo [6-8] and LL37 (a human antimicrobial 

peptide) loaded NLC improved wound closure [9]. In addition, Motawea et al. (2017) 

found phenytoin loaded NLC a promising strategy for promoting wound healing [10] 

and Saporito et al. proved the capability of NLC loaded with eucalyptus or rosemary 

essential oils to improve healing in vivo [11].  

So far, there is no information available regarding biodistribution and toxicity studies 

of topically administered nanoparticles, which will be very helpful to further evaluate 

their suitability in the treatment of non-healing wounds.  
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On the one hand, in vivo and ex vivo biodistribution studies are considered important 

evaluation tools during development of nanosized drug delivery systems, because they 

provide information about location, magnitude and kinetics of the drug biodistribution 

in an individual over time [12]. This type of studies can be performed labeling the 

nanoparticles with a radioisotope, which allows their detection by a scanner. 

Technetium-99m (99mTc), obtained as pertechnetate (99mTcO4
−), is widely used as 

radiomarker due to its easy availability, high γ emission (140 keV) and adequate 

half-life (approximately 6 h). These characteristics allow carrying out in vivo 

biodistribution studies for about 24 h by single photon emission tomography 

(SPECT). Moreover, 99mTc allows direct radiolabeling with minimal or without 

changes in the structure and surface of the carrier [13,14].  

On the other hand, it is known that nanoparticles, ranged between 2 and 1000 nm, are 

susceptible to be internalized by macrophages as foreign body, which might cause 

undesired side effects such as an overstimulation of the immune system. In addition, 

nanoparticles smaller than 100 nm can also be uptaken in a non-specific manner 

through endocytosis [15]. For these reasons, they could show a high toxicity potential 

that should be evaluated. Therefore, in vitro cytotoxicity assays as well as dermal 

parameters, such as in vivo skin sensitization and irritation/corrosion, were evaluated 

with the developed NLC, following ISO 10,993 standard (Biological evaluation of 

medical devices).  

Summarizing, in the present work, biodistribution and toxicology studies were 

performed with the NLC developed by our research group in order to determine the 

safety profile of topically administered lipid nanoparticles on wounds. 

2. Materials and methods 

2.1. Preparation of NLC 

NLC were prepared slightly modifying the procedure previously reported by Gainza 

et al. (2014). Briefly, Precirol® ATO 5 (Gattefosse, Madrid, Spain) and Miglyol 182 

N/F (Sasol, Hamburg, Germany) were melted to achieve the oily phase (10:1). 

Simultaneously, the aqueous phase was prepared dissolving Tween® 80 (Panreac 

Quimica, Castellar del Valles, Barcelona, Spain) at 2 % (w/v) and Poloxamer 188 
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(Panreac Quimica, Castellar del Valles, Barcelona, Spain) at 1 % (w/v) followed by 

solution tempering. The two phases were mixed and sonicated (Branson Sonifier, 

Emerson, Saint Louis, MO, US) for 1 min at 50 W. Afterwards, the emulsion was 

cooled down and kept under 5 ± 3 °C for 2 h to allow lipid solidification. 

Subsequently, trehalose was added as cryo-preserving agent prior to the freeze-drying 

step in a final concentration of 100 % (w/w) of the weighed lipid. The total weight of 

the batch was 12 g. 

2.2. Characterization of NLC 

The mean particle size (Z-average diameter), polydispersity index (PDI) and zeta 

potential were analyzed by means of Zetasizer Nano ZS (Model Zen 3600; Malvern 

Instruments Ltd, Worcestershire, UK); which is based on dynamic light scattering 

(DLS) technology. The measurement medium was water (pH 5.6). Samples were 

analyzed in triplicate to obtain an accurate mean.  

Transmission electron microscopy (TEM, Philips EM208S) analysis was held under 

negative staining in order to study nanoparticle morphology. Images were acquired 

with an Olympus Fluoview FV500 confocal microscope using sequential acquisition 

to avoid overlapping of fluorescent emission spectra.  

NLC capability of resuspension was also assessed. Only those suspensions without 

visible aggregates were considered acceptable. For this purpose, 2 mg of NLC were 

added to 1 mL of Milli-Q water and vortexed for 1 min (n=3). 

2.3. Radiolabeling of NLC with 99mTc 

Radiolabeling of NLC was performed by a direct method using stannous chloride 

(SnCl2) as reducing agent and following the procedure previously developed by 

Areses et al. (2010). Briefly, 0.03 mL of a 5 mg/mL SnCl2 solution (pH=4 adjusted 

with 0.1 N HCl) was added to 5 mg of NLC. Subsequently, 14.8 GBq (MBq) of freshly 

eluted 99mTcO4
− in 1 mL of NaCl 0.9 % were added. The mixture was vortexed for 30 

s and incubated at room temperature for 10 min. The overall procedure was carried 

out in helium-purged vials to minimize oxygen content and avoid oxidation of pre-

reduced tin. For biodistribution studies, 20 mg of NLC were added at the end of the 
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radiolabeling procedure to obtain a suitable NLC concentration for in vivo 

administration.  

99mTc-NLC labeling efficiency was assessed by ascending instant thin layer 

chromatography (ITLC) using Whatman 3 MM strips and NaCl 0.9 % as mobile 

phase. Radiochromatograms were obtained with a scanner MiniGita (Raytest GmBH, 

Dortmund, Germany) equipped with a 2×2 NaI (Tl) detector. Percentage of free 

99mTcO4
− was calculated from the regions of interest (solvent front for the free 

99mTcO4
- and bottom of the strip for the 99mTc-NLC) with Nina software (Raytest 

GmBH, Dortmund, Germany). 

2.4. Biodistribution studies 

2.4.1. Animals and experimental design 

For the biodistribution studies, all the procedures involving animals were performed 

in accordance with the guidelines of the European Communities Council Directive 

(2010/63/UE) and the Spanish Government (Real Decreto 53/2013) and were 

approved by the Ethics Committee for Animal Experimentation of the University of 

Navarra (protocol 035-16) and the Government of Navarra. The studies were carried 

out in sixteen female Wistar rats weighting 212 ± 9 g. Firstly, buprenorphine (Buprex 

0.05 mg/Kg) was administered subcutaneously 30 min prior to create the lesions on 

the back of the animals. Then, rats were anesthetized (isoflurane 2 % in 100 % O2) 

and their dorsum shaved using an electric clipper. One full-thickness excisional 

wound was made by punch biopsy using a dermatome of 10 mm in diameter. After 

wound creation, 99mTc-NLC (5 mg/3 MBq per animal, n=8) or free 99mTc, used as 

negative control (free 99mTc 5.5 MBq, n=8), were topically administered on the 

wound. Finally, wounds were covered with one layer of petrolatum gauze 

(Tegaderm®, 3M GmbH) secured with an auto adhesive tape (Hypafix, BSN medical). 

Half–life of technetium-99m and the initial administered dose (AD) were taken into 

account for data analysis. 

2.4.2. In vivo biodistribution studies by SPECT/CT 

In vivo biodistribution studies were performed by single photon emission computed 

tomography/computed tomography (SPECT/CT) (Symbia T2 Truepoint, Siemens) at 
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1, 2, 4, 8, 10 and 24 h post-administration. For imaging studies, animals were 

anesthetized just before each study (isoflurane 2 % in 100 % O2) and placed in prone 

position. A high resolution low-energy parallel-hole collimator was used for this study 

and images acquired using a 128×128 matrix, 7 images/s. CT was set to 110 mAs, 130 

kV and 130 images of 3 mm on thick. In order to quantitatively compare the images 

to each other avoiding the effect of physical disintegration of 99mTc, image acquisition 

time was increased over the temporal points. Images were reconstructed applying 

attenuation and dispersion corrections. Image fusion was performed using Syngo MI 

Applications TrueD software and all the images were then exported to PMOD v3.2 

software (PMOD Technologies, Switzerland). After visual inspection of the images, 

a quantitative analysis was performed by drawing volumes of interest (VOIs) of the 

total body, wound area, stomach and intestine over anatomical CT images that were 

transferred to SPECT. Percentage of activity in the organs was calculated considering 

the activity measured in the VOI of the total body from the image acquired 1 h post-

administration as the total administered dose. 

2.4.3. Ex vivo biodistribution studies: gamma counter 

Ex vivo biodistribution studies were carried out at the end of the study (24 h). The 

following organs were then dissected in their entirety: ovaries, spleen, kidneys, small 

intestine, large intestine, stomach, lungs, thyroid, brain, eyes and gastrocnemius 

muscle. Samples of liver, skin (abdominal area), blood and urine were also taken. To 

analyze the wound area in more detail, skin adjacent to the wound, the fatty layer of 

the subcutaneous tissue (panniculus adiposus) and the muscle tissue (panniculus 

carnosus) were dissected separately. All tissue and organ samples together with the 

dressing were measured in a gamma-counter (Compugamma CS, RIA; LKB 

Pharmacia). Likewise, two separate equal doses administered to the animals were also 

counted, in order to consider the mean value as total activity to calculate the 

percentage of administered dose (% AD/organ). To calculate the activity in blood and 

in whole-liver, a total blood volume of 60 mL/kg and a standard liver weight of 13.31 

g were considered. 

2.5. Toxicity studies 

2.5.1. In vitro cytotoxicity study 



Nanostructured lipid carriers (NLCs) for multiresistant infections 

110 
 

For the cytotoxicity study, mouse embryo fibroblasts (Balb/3T3) were maintained in 

DMEM Glutamax culture medium supplemented with 10 % Fetal Bovine Serum 

(FBS) and 1 % Penicillin-Streptomycin. Cells were incubated (at 37 °C, 5% CO2 and 

humidity on saturation) in 75 cm3 cell culture flasks until reaching sub-confluence. 

Seeding was carried out in a 96-well plate, dispensing 104 cells per well into 100 µL 

of complete culture medium.  

On each treated well, 100 µL of NLC at 3, 1, 0.3 and 0.1 mg/mL were added. Sodium 

dodecyl sulfate (SDS) was used as positive control and 0.5 % FBS and complete 

culture medium were used as negative and growth control, respectively. One hour 

after treatment, 50 µL of 3-(4,5- dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) solution (1 mg/mL in culture medium) were added to each well and 

cells were further incubated for 2 h. MTT solution was then decanted and 100 µL of 

isopropanol added and shook for approximately 1 h. Cell viability was measured by 

reading the optical density of the suspension at 570 (± 30) nm on a microplate 

spectrophotometer (Spectra MRTM Dynex Technologies, Chantilly, VA. USA).  

To guarantee the validity of the results, the experiment was carried out following the 

criteria of ISO 10993-5:1999: (i) confluence of the growth control wells must be ≥ 80 

% and the absolute value of the mean of their optical densities must be ≥ 0.2 prior 

subtracting the blank; (ii) mean value of the absorbance of the growth control in the 

left and right column of the plates could not differ by more than 15 % from their mean 

value; and (iii) coefficient of variation between replicas of each condition must be ≤ 

20 %. Lastly, viability of positive control and negative control must be ≤ 40 % and ≥ 

80 %, respectively.  

Once fulfilment of all the acceptance criteria was confirmed, cell viability [expressed 

in percent survival (%)] was calculated by means of the optical density (OD) and 

applying the following formula: 

𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =
𝑂𝐷 𝑀𝑒𝑎𝑛 (𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡) − 𝑂𝐷 𝑀𝑒𝑎𝑛 (𝑏𝑙𝑎𝑛𝑘)

𝑂𝐷 𝑀𝑒𝑎𝑛 (𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙) − 𝑂𝐷 𝑀𝑒𝑎𝑛 (𝑏𝑙𝑎𝑛𝑘)
𝑥 100 

NLC were considered non-cytotoxic if cell viability was higher than 70 % compared 

to the negative control. 
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2.5.2. In vivo sensitization study 

For the in vivo sensitization study, all the procedures involving animals were approved 

by the Ethics Committee for Animal Experimentation of the University of Navarra 

(protocol 142-15) and the Government of Navarra. This study was carried out using 

the Skin Sensitization Local Lymph Node Assay (LLNA:DA), which is a test that 

quantifies the adenosine triphosphate (ATP) content via bio-luminescence as an 

indicator of lymphocyte proliferation. Such proliferation can be given by the exposure 

to a sensitizer and the indicator used to classify the skin sensitization potency of a 

compound as extreme, strong, moderate or weak sensitizers is called Stimulation 

Index (SI). For this purpose, twenty-four female CBA/CaOlaHsd mice of 

approximately 8 weeks weighting 16–19 g were used (ENVIGO, Spain). Animals 

were housed in six groups of four with 12 h light/dark cycles, a relative humidity of 

50 ± 20% and an air temperature of 22 ± 2 °C. Animals had free access to standard 

rodent maintenance diet and water, provided ad libitum.  

In order to ensure reliability of the test, 2-Mercaptobenzothiazole (2-MBT) was used 

as positive control and a solution of carboxymethylcellulose (CMC) in saline as 

negative control. According to OECD criteria (2010): Skin Sensitization Local Lymph 

Node Assay: DA, Test Guideline no. 442A, the positive control response at an 

exposure level, must produce an increase in the SI superior or equal to 1.8 over the 

negative control.  

On days 1, 2, 3 and 7, animals received a pre-treatment with aqueous solution of 1% 

Sodium Lauril Sulfate (SLS) using a swab. Then, the atrial back of each ear was 

covered completely. One hour later, treatments were administered on the back of each 

ear. The studied groups were the following: 25 µL of NLC at 340 mg/mL, 170 mg/mL 

and 85 mg/mL; positive and negative control and DMSO (vehicle control of the 

positive control). On day 8, animals were sacrificed and, immediately after, the 

auricular ganglia excised. Both ganglia were processed as a single sample. Ganglia 

placed in 2 glass slides were crashed and disintegrated until formation of a thin layer 

of tissue. The lymph node cell suspension was then rinsed with 1 mL of phosphate 

buffered saline (PBS) using a cell scraper. 20 µL of this suspension was mixed with 

1.98 mL of PBS to obtain 1 mL of 1% lymph node cell suspension.  
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Quantification of the ATP content by the luciferin-luciferase method was carried out 

using the ATP measurement kit (Vialight® Plus Kit; Lonza Rockland, Inc., ME, USA) 

following manufacturer’s instructions. This kit measures bioluminescence in Relative 

Luminescence Units (RLU). RLU calculation allows determining the SI, which was 

calculated using the following formula: 

𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =
𝑅𝐿𝑈𝑚𝑖𝑐𝑒

𝑅𝐿𝑈(𝑀𝑒𝑎𝑛𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒𝐶𝑜𝑛𝑡𝑟𝑜𝑙
 

According to the OECD Guidelines, a result is considered positive when SI ≥ 1.8. 

However, if a borderline positive response of SI between 1.8 and 2.5 occur, the study 

should be subjected to additional considerations. 

2.5.3. In vivo irritation/corrosion study 

The in vivo irritation/corrosion study was carried out in accordance with OECD 

(2002), Test No. 404: Acute Dermal Irritation/Corrosion and all the procedures 

involving animals were approved by the Ethics Committee for Animal 

Experimentation of the University of Navarra (protocol 092-16) and the Government 

of Navarra. Three male New Zealand rabbits weighting between 2.5 kg and 3 kg were 

obtained from Granja San Bernardo (Spain). Animals were housed in 12 h light/dark 

cycles, a relative humidity of 30 ± 70% and an air temperature of 15–21 °C. Animals 

had free access to standard non-rodent maintenance diet and water, provided ad 

libitum.  

The experiment was performed in two steps: an initial test followed by a confirmation 

test if required. The initial test was carried out in a single animal and its main objective 

was to detect possible corrosive effects of the developed NLC. If no corrosive effects 

were detected, the confirmation test would be executed. As that was the case, this 

second test was carried out in two further animals. Thus, three animals were used to 

evaluate the irritant potential of the developed NLC. On each animal, four areas 

covering a body surface of 2.5 cm2 were marked. Two areas were treated with NLC 

in 0.5 % CMC saline solution in an exposure time of 4 h; and the other two received 

no treatment and served as normality control.  
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The Primary Irritation Index (PII) was calculated following the Draize test, which is 

based on the erythema/edema evaluation [16]. The evaluation was done at 24 (± 2), 

48 (± 2) and 72 (± 2) hours. PII was obtained for each animal, dividing the total score 

of the treated areas by 6 (2 test-observation sites and 3 observation times) and 

correcting the result with the score obtained from the control areas. The category of 

the irritation/corrosion was estimated following the ISO 10993–10: 2010 criteria 

(Table 1). 

Table 1. Description of the PII scores based on ISO 10993–10:2010. 

Score Category response 

0-0.4 

0.5-1.9 

2-4.9 

5-8 

Negligible 

Mild 

Moderate 

Severe 

2.6. Statistical analysis and evaluation of the results 

Results from characterization and in vivo and ex vivo biodistribution studies are 

expressed as mean ± standard deviation (SD). The analysis of differences between the 

experimental groups of in vivo biodistribution studies was performed by two-way 

ANOVA (group per time) followed by Fisher’ s Least Significant Difference (LSD) 

post-hoc tests when an interaction was found. Ex vivo data were analyzed by t-test. 

Calculations were performed using StataIC 12 software (StataCorp, Texas, USA). A 

p-value lower than 0.05 was considered statistically significant. 

3. Results and discussion 

Our research group have already demonstrated the effectiveness of drug loaded-NLC 

for wound healing applications [6-9]; however, so far, preclinical safety data of blank-

NLC, such as in vitro biodistribution and cytotoxicity studies, are lacking. Certainly, 

taken into account that all the components of nanoparticles are certified as GRAS 

(Generally Recognize As Safe) by the FDA [17], NCL final formulation should be 

considered as well tolerated when applied on a wound. Nonetheless, nanotoxicity is a 

relatively new concept to science as nanoparticles with certain size, shape and 

chemistry could reach many tissues and organs causing abnormal function or cell 
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death [18]. For this reason, in order to shed light on NLC safety, the main objectives 

of this research were (i) to achieve a suitable radiolabeling for the detection of NLC 

through a living organism, (ii) to clarify the biodistribution of NLC after their 

administration on an open wound and (iii) to analyze any bio-incompatibility in terms 

of toxicity, both in vitro and in vivo.  

In view of this, nanoparticles developed by our laboratory, with 133.48 ± 4.40 nm in 

size (Fig. 1A), were designed to exert a local effect on a wound as it is well known 

that particles above 20 nm do not to penetrate into damage skin [19]; therefore, no 

penetration of the formulation was expected. PDI and zeta potential values also 

confirmed the homogeneity and stability of the NLC suspension, respectively; 

fundamental parameters when a uniform NLC distribution on the wound is desired. A 

PDI of 0.22 ± 0.05 indicated lack of aggregates and an excellent dispersion and the 

zeta potential values revealed that NLC presented a negatively charged surface of 

approximately 17.43 ± 3.15 mV, conferring good stability in liquid phase. TEM 

images showed nanoparticles with a uniform size distribution and spherical shape 

(Fig. 1B), along with excellent resuspension properties, as all samples were easily 

resuspended (Fig. 1C).  

Once physicochemical NLC properties were confirmed to be suitable for topical 

application on wounds, an optimization of the radiolabeling method for nanoparticles 

was carried out. 99mTc has been previously used as radiotracer to study NLC 

biodistribution in living organisms since its incorporation into NLC does not affect 

neither the morphology nor the size of nanoparticles [20, 21]. Thus, 99mTc was the 

radiomarker of choice. Our results showed that the direct radiolabeling led to a high 

yield process (> 98%), avoiding further purification methods. Regarding the amount 

of SnCl2 required to obtain a high labeling efficiency, we found that 5, 10 and 20 

mg/mL achieved adequate radiolabeling; but in order to use the lowest amount of 

SnCl2 showing the greatest efficiency, the selected SnCl2 concentration was 5 mg/mL 

(Table 2).
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Figure 1. Characterization of NLC. (A) Mean Size, PDI and Zeta Potential. Data are shown as mean ± SD. 

(B) TEM image of NLC (scale bar 200 nm). (C) NLC suspension in 1 mL of Mili-Q water after 1 min of 

mixing by vortex. 

 

Table 2. Influence of the amount of SnCl2 on the radiolabeling efficiency of NLC. Data are shown as mean 

± SD (n=3). 

SnCl2 mg/ml % efficiency 

0.005 

0.05 

0.5 

5 

10 

20 

41.3 ± 4.7 

60.6 ± 5.5 

83.2 ± 2.3 

98.4 ± 0.7 

99.6 ± 0.6 

98.4 ± 1.2 

 

Consequently, after obtaining 99mTc-NLC, in vivo biodistribution studies by 

SPECT/CT could be performed. As shown in Fig. 2, the qualitative analysis of the 

images demonstrated that the signal at the wound area in those animals treated with 

99mTc-NLC was stable over time, indicating that NLC remained at the wound area and 

were not absorbed for at least 24 h (Fig. 2A, B and S1). In control animals, free 99mTc 

was quickly absorbed, producing a signal in the stomach in the earliest images (Fig. 

2A) that decreased over time, accompanied by a slight increase in the signal shown in 

the large intestine (Fig. 2B). This signal shown at the level of the gastrointestinal 
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system is compatible with the natural metabolism of 99mTc [22]. Also, Fig. 3 shows 

the quantitative analysis of SPECT/CT images that was consistent with the visual 

results. Almost 100 % of the signal remained at the wound site for 24 h after 

administration of 99mTc-NLC. In control animals, free 99mTc was absorbed, as only 

7.3% was retained at the wound area after 24 h. Since free 99mTc is accumulated and 

actively secreted in the gastric mucosa, signal from the control animals was 

concentrated in the stomach (51.8 % at 1 h to 38.3 % at 24 h) and gradually detected 

in the intestine area (12.3 % at 1 h to 46.6 % at 24 h) as the digestion process went on. 

Differences between groups were statistically significant (p < 0.001) for all regions 

and all times. As mentioned, this data verified that the developed NLC remained at 

the wound site for at least 24 h, confirming their potential local effect and the absence 

of systemic absorption. Besides, data obtained in vivo were confirmed by ex vivo 

biodistribution studies. The high sensitivity of the gamma counters allows detection 

of compounds at a tissue level in those organs where the distribution is very low and 

which signal is not high enough to be detected by in vivo imaging techniques. As 

observed in Table 3, in 99mTc-NLC treated animals, the wound dressing retained 41.1 

% of the AD, 57.4 % was found in the skin, 1.1 % in subcutaneous tissue and 0.0 % 

in the panniculus carnosus. These data confirmed that the developed NLC were not 

absorbed after topical administration on wounds, potentially exerting a local effect; 

which are in line with the results obtained in the in vivo biodistribution study. In 

contrast, free 99mTc control showed AD values significantly lower than the 99mTc-NLC 

treated groups at the wound area. After free 99mTc administration, most of the activity 

was found in the stomach (20.5 %) and intestines (small intestine: 11.2 %; large 

intestine: 21.8 %; caecum: 20 %), showing that free 99mTc was absorbed after 

administration on the wound. The other organs collected showed negligible and 

undetectable signals. It should be noted that this represents an extremely original 

finding, which cannot be compared with other studies, as no biodistribution studies 

are available.
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Figure 2. 3D images of the SPECT/ CT studies at 1 h (A) and 24 h (B). The three rats in the upper part of 

the image were treated with 99mTc-NLC on the wound area (red arrow), producing a stable signal over time. 

The three rats at the bottom of the image were control animals receiving free 99mTc on the wound. The green 

arrows indicate the stomach area, more evident at early times, and the blue arrows point to the large 

intestine.  

 

 

Figure 3. Graphs showing the average activity for NLC treated and control experimental groups detected 

in in vivo SPECT/CT images over time. 
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Table 3. Ex vivo biodistribution data at 24 h post-administration (% AD). Data are expressed as mean ± SD. 

Values were calculated for whole organ (except for urine and skin samples). The different elements of the 

wound area were analyzed separately. *p < 0,001, statistical significance referred to free 99mTc control 

group. 

 99mTc-NLC Free 99mTc 

TOTAL ORGANS 

Total blood 

Skin 

Muscle (gastrocnemius) 

Urine 

Ovaries 

Spleen 

Kidneys 

Stomach 

Small intestine 

Large intestine 

Caecum 

Liver 

Lungs 

Thyroid 

Brain 

Eye 

WOUND AREA 

Dressing 

Wound’ s skin 

Subcutaneous tissue 

Panniculus carnosus muscle 

 

0.0 ± 0.0 

0.0 ± 0.0 

0.0 ± 0.0 

0.0 ± 0.0* 

0.0 ± 0.0 

0.0 ± 0.0 

0.3 ± 0.1* 

0.1 ± 0.2* 

0.0 ± 0.0* 

0.0 ± 0.0* 

0.0 ± 0.0* 

0.0 ± 0.0* 

0.0 ± 0.0 

0.0 ± 0.0 

0.0 ± 0.0 

0.0 ± 0.0 

 

41.1 ± 15.1* 

57.4 ± 14.7* 

1.1 ± 1.2* 

0.0 ± 0.0 

 

1.1 ± 0.6 

0.0 ± 0.0 

0.0 ± 0.0 

1.5 ± 0.3 

0.0 ± 0.0 

0.0 ± 0.0 

4.4 ± 1.8 

20.5 ± 13.0 

11.2 ± 3.3 

21.8 ± 4.3 

20.0 ± 7.6 

3.6 ± 1.6 

0.0 ± 0.0 

0.0 ± 0.0 

0.0 ± 0.0 

0.0 ± 0.0 

 

6.0 ± 3.8 

13.1 ± 9.5 

0.2 ± 0.2 

0.0 ± 0.0 

 

Regarding the toxicity assays, in vitro cytotoxicity showed that at 0.1, 0.3 and 1 

mg/mL, no cytotoxicity was observed since cell viability were 102 ± 3, 113 ± 9 and 

77 ± 4 %, respectively. Thus, the acceptance criteria were met, as the viability of those 

three concentrations was higher than 70 % compared to the negative control. Instead, 

at 3 mg/mL, viability was 55 ± 10 % probably because cells were exposed to higher 

levels of nanoparticles, which might prevent cell proliferation, as previously described 

by Rocha et al. [23]. Cell viability data are represented in Fig. 4. In conclusion, the 

developed NLC at a concentration equal to or lower than 1 mg/mL were considered 

non-cytotoxic in vitro. This result was reasonably expected since the excipients used 
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for the NLC formulation are considered biodegradable, biocompatible and non-toxic 

carriers for human use by FDA and EMA [4].  

 

Figure 4. Percentages of cell viability in the Balb/3T3 cell line after being in contact with NLC at 3, 1, 0.3 

and 0.1 mg/mL. Cell viability is expressed as percentage of survival (%) compared to the negative control. 

In the LLNA:DA study, quantification of the ATP content via bioluminescence was 

used as an indicator of lymphocyte proliferation, and thus, as the skin sensitization 

potential of the developed NLC. The ATP content and SI values of 2-MBT, used as 

positive control, were 2299 ± 1087 and 2.9, respectively. Since the SI value of the 

positive control was 2.9 (≥ 2.5), it could be considered as a positive sensitizer, 

confirming its suitability to detect the sensitization capability of the test compounds. 

Table 4 shows the ATP content and SI values of animals treated with the developed 

NLC at 340 mg/mL, 170 mg/mL and 85 mg/ mL concentrations. SI rates were 1.4, 

1.9 and 1.5 respectively. Since one of the results was found in the range of 1.8-2.5, 

evaluation of the dose-response relationship, erythema, edema or any other visual 

reaction in the application area were also required, as stated in the OEDC guidelines. 

In this regard, none of the studied animals showed any skin sensitization reaction, or 

any dose-response relationship. Thus, it was concluded that the developed NLC were 

not sensitizing [4].  
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Table 4. Results obtained for the developed NLC in the LLNA:DA test (n=4). Values are expressed as the 

mean ± SD (n=4). RLU, relative light units. 

NLC Test concentration (%)  ATP content (RLU)  

  Mean ± SD SI 

340 mg/ml 

170 mg/ml 

85 mg/ml 

100 

50 

25 

1007 ± 112 

1306 ± 197 

1048 ± 308 

1.4 ± 0.2 

1.9 ± 0.3 

1.5 ± 0.4 

 

The in vivo irritation/corrosion study was then carried out in order to evaluate if the 

developed NLC were able to provoke any damage on the animal skin after dermal 

application. The PII scores obtained are presented in Table 5.  

Table 5. Skin reaction scores in rabbit: PII obtained for each animal in the in vivo irritation/corrosion study. 

PII=mean score at 24 ( ± 2), 48 ( ± 2) and 72 ( ± 2) hours/6. 

Rabbit No. Erythema and eschar Edema 

1 

2 

3 

0 

0 

0 

0 

0 

0 

 

The initial test did not show any ulcers, hemorrhages or scabs on the areas where NLC 

were applied; thus, a confirmation test was required. In this second study, no 

erythema, edema or any other reactions were observed in the NLC treated areas. All 

the control areas (not treated) presented 0 values for erythema and edema. At the 

histological level, special attention was paid to the thickness of the epidermis and the 

stratum corneum, not finding alterations or differences between NLC treated and 

control areas (Fig. 5). Observation of the dermis and the hypodermis revealed no 

inflammatory infiltration in any of the NLC treated or untreated sites. Regarding the 

glands, hair follicles and adipose and muscle tissue, no alteration was found. These 

data confirmed the results obtained in the visual examination. From this particular 

study, it can be concluded that the developed NLC were not irritant/corrosive in vivo, 

according to ISO 10993-10:2010, which evaluates the in vivo irritation response [4]. 
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Figure 5. Histopathology of rabbit skin obtained in the in vivo irritation/corrosion study. No histopathology 

changes were observed in the NLC treated areas (1A, 1B, 2A, 2B, 3A, 3B) and in untreated areas (1C, 1D, 

2C, 2D, 3C, 3D). Hematoxylin & eosin. × 40 magnification. 

4. Conclusion 

The results from the current study suggest that the lipid-nanoparticles described in this 

work are safe and may potentially exert a local effect after topical administration on 

wounds. In vivo and ex vivo biodistribution studies showed that NLC remained on the 
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wound and were not absorbed for at least 24 h, probably due to their particle size, 

which does not allow nanoparticle penetration. In vitro cytotoxicity and in vivo 

sensitization and irritation/corrosion studies, based on ISO 10,993 standard 

(Biological evaluation of medical devices), demonstrated that the developed NLC 

were safe. Overall, results indicate that our NLC might present an alternative tool for 

local treatment of skin wounds. 
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6. Supplementary data 

 

Figure S1. SPECT-CT slices of an animal treated with 99mTc-NLC. The signal is observed on the surface 

of the body, although the spillover effect caused by the limited resolution of the tomography makes part of 

the signal seems to be included in the interior of the body.
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As previously stated, antimicrobial resistance (AMR) is a serious issue facing global 

public health, and requires a drastic and immediate intervention of governments and 

society. AMR causes life-threatening wound and lung infections, requiring long 

hospital stays and expensive drug therapies. In the United States alone, an estimated 

two million people were annually affected by AMR, leading to 23,000 deaths (1). In 

addition, 25,000 patients died in the European Union because of nosocomial resistant 

bacterial infections (2). Therefore, if no action is taken, AMR is highly likely to 

become a massive killer reaching 10 million deaths worldwide by 2050 (surpassing 

cancer deaths) and costing up to $ 100 trillion (3).  

It is worth mentioning that P. aeruginosa, K. pneumoniae and A. baumannii gram-

negative bacteria have developed numerous strategies to avoid antibiotic effects and 

cause two-thirds of AMR related deaths in Europe (4-6). Colistin and amikacin have 

been used for decades due to their excellent activity to treat multidrug resistant gram-

negative infections. However, both are neuro- and nephrotoxic, being severe renal 

impairment their worst reported side effect.  

Nanotechnology-based formulations could represent an excellent choice for 

overcoming antibiotic limitations associated to toxicity (7). In this regard, lipid-based 

drug delivery systems, such as liposomes, solid lipid nanoparticles (SLNs) and 

nanostructured lipid carriers (NLCs), are considered the most promising approaches 

due to their biocompatibility and capability to improve drug disposition. Particularly, 

NLCs represent the most recent and improved lipid-based delivery system due to their 

high stability and greater drug loading capacity. NLCs also represent an interesting 

controlled release strategy, enabling dose reduction and, consequently, drug toxicity 

(8).  

Bearing these considerations in mind, in the current doctoral thesis, we have focused 

on the development and preclinical testing of antibiotic-loaded NLCs to enhance 

safety and effectiveness of current treatments for wound and pulmonary multiresistant 

infections. P. aeruginosa, K. pneumoniae and A. baumannii are the bacteria of choice 

for both in vitro and in vivo evaluation, being considered as the worst AMR scenario. 

In addition, the animal models used have been carefully designed in order to better 

simulate the clinical conditions.  
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The unfolding of the previous objectives is described hereafter.  

1. To select the most suitable formulation among different AMK- and SCM-

loaded NLCs and to demonstrate their efficacy in a neutropenic murine 

acute pneumonia infection model caused by an extensively drug-resistant A. 

baumannii strain, following intraperitoneal and intramuscular routes.  

To achieve this end, four SCM-loaded NLCs (SCM-NLCs) and four AMK-loaded 

NLCs (AMK-NLCs) were developed. In vitro activity against a wide range of clinical 

multiresistant isolates was then evaluated and the efficacy of the most efficient 

formulation was finally assessed in vivo in a neutropenic murine acute pneumonia 

infection model.  

NLCs were prepared through the hot melt homogenization method (sonication at 20 

W for 15 s) followed by a high-pressure homogenization (HPH) step, which allowed 

handling higher working volumes during batch preparation. Most industries have 

already adopted HPH for various applications. The main advantages of this combined 

preparation method are: i) high reproducibility, ii) suitability for large scale 

productions and iii) absence of organic solvents (9). In order to improve NLC stability, 

especially during the freeze-drying process, two different cryoprotectants, trehalose 

and dextran (15 % w/w), were investigated. Both compounds were chosen because 

they have shown to improve drug stability in lipid-amorphous-matrices during storage 

(10,11). In addition, considering that positively charged nanoparticles have been 

reported to increase antimicrobial activity due to stronger surface/membrane 

interactions, NLCs were also coated with chitosan. Chitosan was also selected due to 

its intrinsic antibacterial properties, which could have a synergistic effect with the 

loaded antibiotic (12,13). A total of eight formulations, with (+) or without (-) 

chitosan, were produced and named as follows: (-) SCM-NLC trehalose, (+) SCM-

NLC trehalose, (-) SCM-NLC dextran, (+) SCM-NLC dextran; (-) AMK-NLC 

trehalose, (+) AMK-NLC trehalose, (-) AMK-NLC dextran and (+) AMK-NLC 

dextran.   

NLCs were characterized for their size, polydispersity index (PDI), zeta potential, 

release profile and encapsulation efficacy (EE). Results are shown in Table 1. Also, 
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macroscopic morphology was studied by transmission electron microscopy (TEM) 

analysis under negative staining.  

Table 1. Size, PDI, zeta potential, release profile and EE characterization.  

  Size (nm) PDI 

Zeta 

Potential 

(mV) 

Release 

profile (%) 
EE (%) 

(-) 

SCM-NLC 

Trehalose 
67.33 ± 2.06 0.257 ± 0.01 -20.3 ± 0.75 90.29 ± 7.72 

73.14 ± 

3.69 

SCM-NLC 

Dextran 
101.56 ± 0.41 0.207 ± 0.01 -29.03 ± 1.44 100.31 ± 2.94 

(+) 

SCM-NLC 

Trehalose 
177.63 ± 5.50 0.266 ± 0.03 14.77 ± 1.91 100.7 ± 12.63 

SCM-NLC 

Dextran 
146.46 ± 0.37 0.349 ± 0.09 14.16 ± 0.55 92.48 ± 2.31 

(-) 

AMK-NLC 

Trehalose 
89.71 ± 2.48 0.139 ± 0.00 -20.63 ± 2.12 77.73 ± 3.57 

92.8 ± 

4.18 

AMK-NLC 

Dextran 
73.45 ± 0.28 0.264 ± 0.03 -15.63 ± 0.55 76.78 ± 0.76 

(+) 

AMK-NLC 

Trehalose 
114.1 ± 1.19 0.234 ± 0.03 0.11 ± 0.14 68.41 ± 3.90 

AMK-NLC 

Dextran 
142.4 ± 2.54 0.280 ± 0.02 1.81 ± 0.08 72.4 ± 2.46 

 

As expected, positively charged particles presented a bigger size compared to negative 

nanoparticles due to chitosan addition. Even so, PDI values were acceptable for all 

lipid-based carriers, as verified by the ease of resuspension after lyophilization (14). 

Turning to zeta potential, only (+) AMK-NLCs showed values close to 0 mV, 

providing a less stable colloidal system. On the other hand, the main differences 

between colistin and amikacin-loaded NLCs concerned antibiotic EE and drug 

release. In fact, AMK-NLCs achieved higher EE, probably due to AMK lower water 

solubility and higher affinity to the lipid phase. AMK-NLCs also showed a slower 

drug release profile compared to SCM-NLCs, again due to amikacin hydrophobicity, 

but also because of the lower amount of surface associated non-encapsulated drug that 

led to a milder initial release. These data are in line with zur Mühlen et. al, since they 

proved that the release profile, as well as EE, can vary from one drug to another 
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depending on the affinity of the drug to the lipid matrix and to the aqueous media (15). 

TEM images revealed that (-) SCM-NLC was the most homogeneous formulation, as 

shown in Figure 1. 

Figure 1. TEM images of antibiotic-loaded NLCs. Scale bar 450 nm.  

After physicochemical characterization, we proceeded to determine which 

cryoprotectant was the most suitable to freeze-dry the lipid formulations. For that 

purpose, an in vitro activity assay was carried out in five P. aeruginosa strains. Results 

revealed that trehalose enhanced antibiotic activity, especially in the case of (+) SCM-

NLC trehalose, since lower MIC, MBIC and MBEC values were obtained.  

This finding is in accordance with the work carried out by Crowe et al., who 

demonstrated that trehalose might be superior to other sugars preserving the structure 

of freeze-dried lipid carriers, and, consequently, the activity of the encapsulated drugs 

(16). After cryoprotectant selection, our next aim was to evaluate the suitability of 

chitosan for improving the nanoparticle antimicrobial activity. To this end, we 

evaluated the in vitro activity of the formulations lyophilized with trehalose in forty-

two P. aeruginosa, K. pneumoniae and A. baumannii clinical isolates. No significant 

differences between positively and negatively charged formulations were found in 
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terms of in vitro activity. Therefore, taking into account that the efficacy of chitosan-

coated formulations was not greater than the other formulations, and also considering 

that chitosan incorporation significantly hindered the manufacturing process from a 

cost-efficient and production-time point of view, positive coating was finally 

discarded. In addition, it was noticeable that (-) SCM-NLC trehalose showed the 

highest in vitro activity compared to the remaining formulations, concretely against 

A. baumannii strains. For all these reasons, (-) SCM-NLC trehalose was selected as 

the formulation of choice for further studies. 

Next, we evaluated the efficacy of (-) SCM-NLC trehalose in a neutropenic murine 

acute pneumonia model, intending to simulate the poor health condition of chronic 

resistant infections. A. baumannii was selected for mouse infection since these 

bacteria resulted to be the most sensitive to SCM-NLCs.  

NLCs were administered following intraperitoneal (IP) and intramuscular (IM) routes. 

IP administration was selected because it is an easy to handle route for rodents, and 

due to its pharmacokinetic, comparable to that of the clinical antibiotic rescue-

treatments in humans. IM route was chosen as a more endurable and manageable 

administration method. The efficacy of SCM-NLCs administered by IP and IM routes 

was compared to that obtained from IM free SCM (60 mg/kg). IM route was chosen 

for free SCM administration because a previous internal pharmacokinetic study 

showed that IM administration of 60 mg/kg of free SCM reached drug plasma levels 

similar to that clinically recommended by the Sanford Guide To Antimicrobial 

Therapy (0.83 µg/ml colistin peak serum level) (17). The study design and SCM-NLC 

dosage are depicted in Table 2, along with the results of the study. 

Table 2. Posology, administration route and results from in vivo efficacy study. 

Route Treatment N 
Log10 cfu/g lung median 

(IQR25-75) 

IM 

Control 0.9 % NaCl (q6h) 

SCM 60 mg/kg (q6h) 

(-) SCM-NLC 12 mg/kg (q12h) 

(-) SCM-NLC 12 mg/kg (q24h) 

10 

8 

8 

7 

6.33 (4.94-7.07) 

3.58 (3.15-4.01)a 

5.91 (4.57-6.41) 

6.56 (5.37-7.09) 

IP 
(-) SCM-NLC 6 mg/kg (q12h) 

(-) SCM-NLC 6 mg/kg (q24h) 

7 

8 

3.35 (2.87-4.67)a 

3.02 (2.19-4.40)a 
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N; number of animals IQR; interquartile range, NaCl; sodium chloride, CFU; colony-forming units, SCM; 

sodium colistimethate, IM; intramuscular, IP; intraperitoneal; ap value < 0.05 vs control 

The in vivo study revealed that IP SCM-NLC administration was superior to the IM 

route and as effective as IM free SCM. IP (-) SCM-NLC 6 mg/kg q12h and IP (-) 

SCM-NLC 6 mg/kg q24h showed the same efficacy as free SCM using a 20- and 40-

fold lower dose, respectively. In addition, it should be noted that the IP administration 

of (-) SCM-NLC 6 mg/kg administered once a day (q24h) achieved the same activity 

as free SCM 60 mg/kg administered every 6 h (q6h). These data are very remarkable 

because (-) SCM-NLCs may potentially improve current treatment efficacy and safety 

since the same effect is achieved using lower doses of SCM. In fact, frequency of 

administration could be considerably spaced and dose highly decreased, leading to 

safer treatments with reduced cost. This, undeniably, would significantly impact on 

patient’s quality of life and healthcare systems’ sustainability. From these data, also, 

it can be postulated that the encapsulation process enhanced the antimicrobial activity 

of SCM, probably because the lipid matrix of NLCs hinders drug degradation, which 

improves SCM stability and enhances its in vivo disposition. In this regard, several 

studies indicated that NLCs are capable of improving stability of different type of 

drugs, preserving their structure and avoiding its rapid degradation; it has also been 

proven that their composition allows the control of drug release, thereby drug 

concentration remains appropriate over time (18). All in all, IP (-) SCM-NLC 6 mg/kg 

administered once a day (q24h) could represent a promising option to fight against 

resistant pulmonary infections caused by A. baumannii. However, this study did not 

clarify the reason why IM SCM-NLCs showed lower efficacy. Since this route is an 

attractive and easy to handle way of administration in clinical practice, SCM-NLCs 

administered by IM route were further investigated in the next studies. 

2. To evaluate SCM-NLC biodistribution, safety and efficacy in a murine acute 

pneumonia infection model caused by an extensively drug-resistant P. 

aeruginosa strain, following pulmonary and intramuscular routes.   

To evaluate the in vivo efficacy of the SCM-NLCs, a murine acute pneumonia model 

caused by an extensively drug-resistant P. aeruginosa strain was developed. Mice 

were kept under hyperoxia (O2 95 %) to better simulate the mechanical ventilation 

condition associated to the clinical context. P. aeruginosa was selected due to its 



Discussion 

137 

 

severity and incidence all over the world (19). In this study, treatments were 

administered through the IM and pulmonary route. On the one hand, the IM route was 

selected because it is an easy to handle administration route and, on the other hand, 

the pulmonary administration permits directly reaching the infected area. Finally, 

SCM-NLC dose was reduced compared to the previous in vivo study in order to further 

enhance antibiotic safety by means of nanotechnology. Doses, administration routes 

and results from the in vivo efficacy study are shown in Table 3. 

Table 3. Posology, administration route and results from the in vivo efficacy study. 

 
 

Treatment 

Pa 1016R (XDR) 

Route Total dose (µg) 
log10 cfu/g lung 

median (IQ25-75) 

P
u

lm
o
n

ar
y
 

Control NaCl (q12h) 0 6.66 (6.50-7.61) 

Free SCM 15mg/kg (q12h) 1,944 5.70 (5.03-6.61)* 

SCM-NLC 2.8mg/kg (q12h) 420 6.21 (4.97-6.74)* 

SCM-NLC 2.8mg/kg (q24h) 210 5.64 (5.24-6.14)* 

IM
 

Free SCM 80mg/kg (q12h) 10,200 6.03 (4.90-6.44)* 

SCM-NLC 2.8mg/kg (q12h) 420 6.37 (5.85-7.43) 

SCM-NLC 2.8mg/kg (q24h) 210 5.85 (4.97-6.45)* 

*p<0.05 compared to the control group; hyperoxia condition (O2 95 %).  

SCM-NLC efficacy was the same as that of the free SCM group, either using the 

pulmonary or the IM route. Accordingly, it is important to highlight that SCM-NLC 

doses were significantly lower than those used in the groups receiving the free drug; 

i.e. maximum daily dose for SCM-NLCs, given either pulmonary or intramuscularly, 

was 2.8-5.6 mg/kg, whereas daily nebulized free SCM dose was 15-30 mg/kg or daily 

IM free SCM was 80-160 mg/kg. These striking results demonstrated that in vivo 

SCM-NLCs were more active than free SCM, since the same effect was observed 

using at least a 5-fold or even a 60-fold lower dose when SCM is nanoencapsulated. 

All these results are in line with the data obtained in the previous in vivo study and 

suggest that the encapsulation process enhances the pharmacological effect of SCM, 

as lower doses are sufficient to achieve the same effect as free SCM.  
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Moreover, SCM-NLC safety was investigated through in vivo toxicity and 

biodistribution studies in healthy mice. The toxicity study following pulmonary or IM 

route demonstrated nanoparticle safety even at high doses. In fact, all the 

inflammatory states found were attributable to physiological or external events, such 

as the hyperoxia condition, which generally leads to lung inflammation and acute lung 

injury (20). Besides, phenomena such as splenic hematopoiesis, dark neuron, alveolar 

wall congestion and red blood extravasation, extramedullary hematopoietic process in 

spleen and granular deposits in liver were also found in all studied groups, including 

the control groups. Therefore, it might be stated that the toxicity effect of SCM-NLCs 

at different doses was negligible.  

Finally, a biodistribution study was carried out using infrared labeled-NLCs (IR-

NLCs) administered by IM or pulmonary routes. As shown in Figure 2, nebulization 

gave rise to a predominant NLC lung disposition, increased over the time, although 

signal could be slightly detected in other organs, suggesting a mild systemic 

absorption. As lungs display high vascularization, it is clear that part of the dose 

reached systemic circulation. Concretely, after pulmonary administration, IR-NLCs 

were mainly biodistributed in the lungs and to a lesser extent in the liver. After 48 h, 

the signal in the liver decreased, whereas the signal in the lung was still high and 

homogeneous. When repeated doses were administered at 24 and 48 h, signal in the 

lung increased. Interestingly, the signal detected in the kidneys was negligible, which 

could indicate a greater antibiotic safety due to nephrotoxicity reduction. Thus, this 

route may be interesting to use as maintenance therapy in the clinical practice. 

Conversely, biodistribution images after IM administration, revealed a notorious and 

fast systemic absorption of NLCs. Images from Figure 2 showed that IR-NLCs mainly 

remained at the injection site, even though the signal was also detected from the very 

beginning in other organs, such as the liver and gallbladder. When repeated doses 

were administered, the signal increased in all the studied organs. The immediacy of 

this distribution could make the IM route as an interesting approach for a rescue 

therapy in clinical settings. 
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Figure 2. Biodistribution study. (A) IR-NLC distribution after nebulization by Microsprayer® aerosolizer. 

(B) IR-NLC biodistribution after IM administration.  

In conclusion, SCM-NLCs represent a promising approach for fighting against 

MDR/XDR P. aeruginosa infections. It was confirmed that SCM-NLCs were active 

against XDR P. aeruginosa in a murine acute pneumonia model and, in addition, 

presented no toxic effect. Finally, it is particularly noteworthy to mention that, in 

accordance with the biodistribution studies, the pulmonary route might be selected 

when using maintenance therapy since its effect is mainly localized in lungs, 

decreasing SCM nephrotoxicity. On the other hand, the IM route may be more 

appropriate in an emergency as it showed faster absorption. 

3. To evaluate blank-NLC biodistribution and safety after topical 

administration on impaired and intact skin, respectively.  

As already mentioned, P. aeruginosa, K. pneumonia and A. baumannii are classified 

as principal responsible for multiresistant gram-negative bacterial infections, 

especially in skin and respiratory tract. In this regard, lipid-nanoparticles, especially 
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NLCs, have shown appropriate characteristics for enhancing wound recovery, such 

as, biodegradability, occlusive properties or wound moisture maintenance (21). 

However, to date, there are no safety-preclinical data for NLCs concerning topical 

application.  

In this line, in the previous sections of this piece of work, NLCs have demonstrated 

to be absorbed after IP, IM or pulmonary administration, exerting a systemic effect. 

However, so far, NLC biodistribution through topical administration on impaired skin 

is still unknown. Thus, in order to efficiently treat infected wounds, we aim to avoid 

systemic absorption for the purpose of achieving a local effect of NLCs. With that in 

mind, NLCs with a size of 133.48 ± 4.40 nm should exert a local effect on wounds, 

as it is well known that particles above 20 nm do not penetrate into damaged skin (22); 

therefore, no penetration of the developed formulation was expected. 

Considering the foregoing, the last purpose of this doctoral thesis was to evaluate 

blank-NLC biodistribution and safety after topical administration. To this aim, firstly, 

in vivo and ex vivo biodistribution studies were carried out in a full-thickness wound 

model. Then, in vitro and in vivo toxicity was analyzed, following ISO 10993 standard 

(Biological evaluation of medical devices). In vivo toxicity studies were evaluated on 

intact skin.  

For the in vivo and ex vivo biodistribution studies, NLCs were radiolabeled with 99mTc 

(technetium-99m) since previous studies revealed that this radiomarker did not cause 

significant changes either in NLC morphology or in size (23,24). The in vivo 

biodistribution study performed by SPECT/CT revealed that 99mTc-NLCs remained 

on the wound (almost 100 % of the signal appeared at the wound area) and no 

absorption was observed for at least 24 h. In control animals, free 99mTc was quickly 

absorbed (7.3 % of the signal remained at the wound area), reaching the stomach and 

then the large intestine, which is compatible with the natural metabolism of 99mTc 

(25). Biodistribution images are shown in Figure 3. Besides, data obtained in vivo 

were supported by ex vivo biodistribution studies, confirming that NLCs exerted a 

local effect (as no systemic absorption was detected). It should be noted that, since 
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this is the first reported study analyzing NLC biodistribution after topical 

administration on wounds, these results cannot be compared. 

Figure 3. 3D images of the SPECT/ CT studies at 1 hour (A) and 24 hours (B). The three rats in the upper 

part of the image were treated with 99mTc-NLCs on the wound area (red arrow), producing a stable signal 

over time. The three rats at the bottom of the image were control animals receiving free 99mTc on the wound. 

The green arrows indicate the stomach area, more evident at early times, and the blue arrows point to the 

large intestine. 

Regarding the toxicity studies, no relevant in vitro cytotoxicity was observed at a 

concentration equal to or lower than 1 mg/mL; thus, the developed NLCs were 

considered non-cytotoxic in vitro. Accordingly, in vivo sensitization and 

irritation/corrosion assays, based on ISO 10,993 standard, demonstrated that NLCs 

were neither sensitizing nor irritating since no erythema, edema or any other reactions 

were observed when topically applied on intact skin. These results were reasonably 

expected since the excipients used for NLC formulation are considered biodegradable, 

biocompatible and non-toxic carriers for human use by FDA and EMA (26).  

All in all, the results suggested that NLCs are safe when topically applied and may 

potentially exert a local effect on wounds. In fact, in vivo and ex vivo biodistribution 

studies showed that NLCs remained at the wound area and were not absorbed for at 

least 24 h, probably due to their particle size, which does not allow penetration. In 

vitro cytotoxicity and in vivo sensitization and irritation/corrosion studies, 

demonstrated that nanoparticles were safe. Overall, results indicated that our NLCs 

might be a promising tool for local treatment of skin wounds. In this regard, it could 

be interesting to perform further studies to evaluate the antimicrobial effectiveness of 
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SCM-NLCs topically administered on infected wounds in order to assess if this type 

of nanoformulation is as effective for impaired skin as for lung infections.  
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On the basis of the results obtained in the experimental studies of this doctoral thesis, 

the following conclusions were derived: 

1. NLCs were successfully produced by the hot-melt homogenization method, both at 

laboratory and large-scale. According to their physicochemical properties, the 

developed NLCs were suitable for IP and IM administration.  

2. Both SCM and AMK were successfully encapsulated into NLCs. Trehalose was 

selected as cryoprotectant because it enhanced the activity of the encapsulated 

antibiotics. Conversely, chitosan positive coating was discarded since it did not 

improve antibiotic activity and was less cost-effective. Therefore, SCM-NLCs freeze-

dried with trehalose was the formulation of choice to further assess their in vivo 

efficacy.  

3. The in vivo study in a neutropenic murine acute pneumonia model caused by an 

extensively drug resistant A. baumannii strain revealed that SCM-NLC IP 

administration may potentially improve both efficacy and safety of the current SCM 

treatments since a 40-fold lower SCM dose can be used achieving the same outcomes. 

4. The in vivo efficacy study in a murine acute pneumonia model caused by an 

extensively drug-resistant P. aeruginosa strain showed that SCM-NLCs were more 

effective than free SCM, either by pulmonary or IM administration. It should be noted 

that SCM-NLC doses were significantly lower than that used in the groups receiving 

free drug; 10-fold lower and 60-fold lower for the pulmonary route and the IM route, 

respectively.  

5. The in vivo toxicity studies demonstrated that SCM-NLCs were safe even at high 

doses when administered following the pulmonary and IM routes  

6. Biodistribution studies suggested that the pulmonary route might be selected in case 

of maintenance therapy since its main effect is exerted in the lungs, and its lower 

nephrotoxicity, whereas, IM route may be more suitable in an emergency as it showed 

faster absorption.  

7. Blank-NLC intended to use topically for wound healing revealed to be safe when 

applied on intact skin. In addition, the in vivo biodistribution studies showed no 
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systemic absorption of NLCs, suggesting their suitability to exert a local effect on 

wounds. 
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Antimicrobial resistance (AMR) is a serious problem that

urgently needs to be addressed. Colistin and amikacin represent

the last available weapons to fight against multiresistant gram-

negative bacterial infections, despite their high neuro- and

nephrotoxicity. In fact, clinicians are forced to choose between

an effective or a safe dose, mostly leading to treatment failure.

With that in mind, nanostructured lipid carriers (NLCs) offer a

captivating strategy to reduce drug toxicity, due to their ability

to release antibiotics in a sustained and controlled manner and

allow dose reduction. In this doctoral thesis, colistin-NLCs

have been developed, characterized and tested in murine

pneumonia models with promising results, achieving an

enhanced efficacy with a significant dose reduction and thus, a

presumable lower toxicity. Moreover, safety of topically

applied blank-NLC was tested on intact and impaired skin.

NLCs resulted to be safe and not systemically absorbed, which

may imply that these carriers can exert a local effect, becoming

an interesting approach to be exploited for wound healing. In

essence, NLCs could be the ultimate safe strategy for

delivering effective but toxic antibiotics in the battle against

drug-resistant gram-negative lung and wound infections.


