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ABSTRACT

Despite the advent of a considerable number of new antibiotics, treatment of

intracellular pathogens still represents a major pharmaceutical challenge. The antibiotic

concentration in those specialized niches are often subtherapeutic, for which high doses of

antibiotics must often be used. This is not only costly but may also increase localized or

systemic side effects. There is therefore an urgent need for materials and methods to enable

clinicians to achieve therapeutically effective intracellular concentration of those antibiotics

which show good efficiency in vitro. In this setting, the possible use of drug delivery systems

(DDS) loaded with antibiotics that exhibit a high in vitro bactericidal activity deserves to be

considered. Entrapping or encapsulating the drug within a delivery system provides a greater

control of the pharmacokinetic behavior of the active molecule. This more efficient use of

antibiotics may diminish their drawbacks and provide the basis for shortening the current

time required by classical treatments. This review will focus on the role of DDS as a potential

tool against intracellular bacteria.
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1. INTRODUCTION

The chemotherapy of infections caused by bacteria that reside intracellularly

presents a number of unusual challenges. On the one hand, several bacteria have found the

way to produce a “silent” infection inside the cells and to escape from their bactericidal

mechanisms. Thus, in these situations, cells are not only incompetent to eradicate the

intracellular bacteria but also may act as reservoirs and contribute to the spreading of the

infection to other cells and organs. Moreover, due to their intracellular location bacteria are

protected from the attack of the immune system as well as from the action of the antibiotics

present in the extracellular milieu. Thus, although a wide variety of antibiotics have been

found to be active against isolated bacteria, disappointing results are obtained against these

pathogens in the intracellular environment (1). On the other hand, since antibiotic treatment

of intracellular infections is not always successful, long-lasting combined therapeutic regimens

are usually needed. However, although combined therapies are more effective than single

ones, their fulfilment becomes more difficult for patients and this can lead to a poor patient

compliance and abandoning of the antibiotic treatment. Taken together, all these factors may

contribute to the occurrence of relapses after treatment.

In this context, the current review will focus on the potential utility of antibiotic-

containing DDS in the treatment of intracellular infections. These DDS can deliver

antimicrobial agents and target intracellular sites of infection, thereby helping to increase

the therapeutic index of antimicrobials in intracellular niches, while avoiding problems

associated with administering high doses of antibiotics systemically.

2. LIFESTYLES OF INTRACELLULAR BACTERIAL PATHOGENS

A significant niche to be considered in the area of infectious diseases is the

intracellular milieu of the professional phagocytes. Paradoxically, these specialized cells

tailored to kill and digest the ingested material are a satisfying habitat for bacterial

pathogens such as Listeria, Brucella, Mycobacterium or Salmonella.

The strong evolutionary pressure for overcoming the lethal immune system

challenge has resulted in a diverse repertoire of microbial strategies to create a safe

replicative niche. Intracellular (obligate or facultative) pathogens present different virulence

factors that will modulate their intracellular fate (2).
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Figure 1: Bacterial phagocytosis and phagolysosome biogenesis. In the endocytic pathway,

internalized molecules are delivered to early endosomes, following recycling of part of this network of

tubules and cisternae (containing receptors) back to the plasma membrane, whereas other

components of the endosome are transported to late endosomes and lysosomes for degradation. On

the other hand, phagocytosis and phagosome maturation are coordinated with the endocytic pathway

through sequential activities of molecules that regulate the cytoskeleton and direct fusion and other

contact events between components of the phagocytic and the endocytic pathways. Professional

phagocytes enclose the adsorbed microorganism into membrane-bound organelles called

phagosomes. Following internalization, this process leads to phagosome maduration as a sequential

process involving fusion with components of the natural endocytic pathway (early endosomes, late

endosomes and lysosomes), ultimately forming the phagolysosome. In the phagolysosome the

ingested materials are finally degraded. Maturation in both endocytic and phagocytic pathways are

also accompanied by changes in the vesicular markers content. Changes in the phospholipid

composition are also observed during phagosome maturation. While early phagosomes are enriched

with phosphatidylcholine, late phagosomes are preferentially enriched with sphingomyelin.

Figure 1 shows the classic action of the phagocyte to kill and degrade the ingested

bacteria. The endocytic pathway is used for the uptake of nutrients and recycling of proteins

used in the secretory pathway, among other functions. Phagosomes containing ingested

bacteria fuse with early endosomes, acquiring markers that confer on phagosomes

properties normally assigned to early endosomes, including the ability to fuse with other
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endocytic organelles (3, 4). They fuse sequentially with endosomes of increasing age or

maturation level (late endosomes and lysosomes) acquiring new markers and a more acidic

environment (pH 5.5). Changes in the phospholipid composition is also observed during

phagosome maturation; while early phagosomes are enriched with phosphatidylcholine, late

phagosomes are preferentially enriched with sphingomyelin (5). Altogether, these changes

contribute to the formation of the phagolysosome, an acidic compartment displaying not

only the harsh and lytic environment needed to kill and degrade the ingested material (4),

but also a harsh milieu to maintain the bioactivity of many drugs.

Table 1. Main intracellular bacteria that survive within phagocytic cells

Organism
Type of
parasite

Subcellular localization pH Ref.

Shigella spp. Facultative Cytosol ~6.5 (6)

Listeria monocytogenes Facultative Cytosol ~6.5 (7)

Legionella pneumophila Facultative
Phagolysosomes, endoplasmic
reticulum

5.6 (8)

Clamydia spp. Strict Inclusions (nonacidified vacuoles) >6.0 (9)

Mycobacterium
tuberculosis

Facultative Early endosomes 1ND (10)

Mycobacterium bovis Facultative Early endosomes 5.5 (11)

Mycobacterium avium Facultative Early endosomes 5.6-6.3 (12)

Salmonella spp. Facultative
Modified phagosome (Salmonella-
containing vacuole)

<4.5 (13)

Ehrlichia chaffeensis Strict Early endosomes ND (14)

Brucella spp. Facultative Endoplamic reticulum (15)

Bartonella hesenlae Facultative
Specialized nonendocytic membrane-
bound vacuole

ND (16)

Afipia felis Facultative Unfused vacuoles ND (17)

Coxiella burnetii Strict Phagolysosomes ~5 (18)

Yersinia pestis Facultative Phagolysosomes ND (19)

Yersinia
pseudotuberculosis

Facultative Phagosomes 6.0 (20)

Francisella tularensis Facultative Phagosomes 6.7 (21)

Staphylococcus. aureus Facultative Phagolysosomes ND (22)

Abbreviations: 1ND = Not determined.

Intracellular bacteria have found ways to divert their usual trafficking from early

endosomes towards these inhospitable phagolysosomes. Pathogens can thus escape from the

endocytic vacuole to the cytoplasm, live within the phagolysosome, or create their own

privileged niche (table 1) (6-22). Regardless of the means by which this is achieved,

pathogens can survive and replicate undetected within the protected niche of the host cell.

Several pathogens represent paradigmatic models for intracellular survival mechanisms.
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2.1. Lysis of the intracellular vacuole and escape to the cytosol

Listeria and Shigella are examples of pathogens which can escape from the

phagocytic vacuole avoiding exposure to the degradative compartments of the endocytic

route, and therefore are finally found at the neutral pH and nutrient-rich host cytosol.

Listeria monocytogenes has the ability to enter and survive into both phagocytic and non-

phagocytic cells and it invades the cytosol thanks to a pore-forming hemolysin (listeriolysin

O) and some phospholipases (a phosphatidylinositol-specific phospholipase C and a broad-

spectrum phospholipase C) (23). Listeriolysin O forms pores in the vacuole membrane

allowing the release of the phospholipases, which cause the disruption of this Listeria-

containing vacuole membrane. Once in the cytosol the bacterium induces the nucleation of

host actin filaments and the formation of an actin tail that is able to push the bacterium into

the neighboring cells, in which it reinitiates this lifecycle (7). In the case of Shigella flexneri a

cytotoxin lyses the membrane of the phagosome and allows it to escape to the cytosol. Like

Listeria, Shigella exploits the host actin polymerization machinery and induces the formation

of actin-rich comet tails by means of a protein called IcsA (24).

2.2. Arrest of phagosome maturation

Other pathogenic bacteria such as Salmonella and Mycobacterium arrest the

maturation of the phagosome at specific stages of the phago-lysosomal route and evolve into

an intracellular life cycle involving prevention of phagosome-lysosome fusion. As a

consequence, the pH of the final localization of the bacteria is close to neutrality. Salmonella

typhimurium transiently acquires early endosome markers but it has developed mechanisms

to modulate the redistribution of endosomal and lysosomal markers and it seems that it may

modulate the expression of vacuolar ATPases to generate a relatively less acidic phagosomal

compartment (25). Professional phagocytes are the preferred targets of Mycobacterium spp.

Soon after its phagocytosis, Mycobacterium-containing vacuoles acquire many of the typical

early endosomal markers but not late endosomal/lysosomal ones, suggesting that

Mycobacterium arrest maturation before the formation of late phagosomes (12). The active

retention of a phagosomal coat protein termed TACO (tryptophan and aspartate containing

coat protein) may play an important role in the prevention of phagosome maturation and its

consequent fusion with lysosomes (26). As a result, bacteria ensure their survival, but

remain in a dormant state producing a latent infection which can last for years.
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2.3. Segregation from the endocytic route

Chlamydia, Legionella and Brucella phagosomes segregate from the endocytic route

to create a suitable niche for intracellular replication. Chlamydia spp. represents one of the

most extreme cases. The Chlamydiae are obligate intracellular pathogens that grow in

cytoplasmic vesicles in a wide variety of host cells, including blood circulating monocytes

and tissue macrophages. Chlamydia segregates from the endocytic pathway at a very early

stage of development and inhabits membrane-bound vacuoles termed inclusions. No marker

of the endocytic route is accumulated on or within the inclusion (27). These inclusions

localize close to the Golgi network and fuse to exocytic vesicles containing sphingomyelin,

which seems to be essential for the intracellular replication of Chlamydia (28). Furthermore,

monocytes have been shown to support C. pneumoniae growth for several days, thus, they

can act as carrier systems for the bacteria and spread the infection from the respiratory tract

to other organs.

Legionella pneumophila is a facultative intracellular pathogen that colonizes mainly

alveolar macrophages. Vacuoles harboring L. pneumophila have also been shown not to

acquire endosomal and lysosomal markers (29) but to recruit endoplasmic reticulum (ER)-

derived vesicles, indicating that the bacteria reside in a compartment surrounded by ER until

the monocytes lyse releasing the bacteria (30). Apparently, a type IV secretion system, the

Dot–Icm secretion system, is used by the bacteria to modify the normal organelle trafficking,

therefore preventing fusion with lysosomes and permitting L. pneumophila to establish itself

within that unique ER-like compartment.

Brucella spp. are facultative intracellular pathogens that infect and replicate inside

the cells and organs of the mononuclear phagocytic system (MPS), mainly in the liver and the

spleen. When they are captured by phagocytic cells, these organisms present an excellent

model for escaping to a safe replicative niche subverting the regular phagosome maturation

process. After ingestion the pathogens localize in early phagosomes. Most of them are in

vacuoles retaining late endosomal/lysosomal markers (LAMP-1 positive) and will eventually

be killed. However, a few of these vacuoles avoid further fusions with lysosomes. Brucella

lipopolysaccharide on the bacterial surface and cyclic beta-1,2-glucan have been proposed to

play a role in the control of the phagosomal maturation (31). Cyclic beta-1,2-glucans,

structurally related to cyclodextrins, can selectively extract and incorporate cholesterol,

glycosylphophatidylinositol and ganglioside GM-1, which are essential for bacterial survival

and replication, from lipid rafts to phagosomes. Whatever the case, those vacuoles that
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successfully evade lysosomal fusion are characterized by the progressive exclusion of LAMP-

1 and are capable of interacting with ER exit sites. Subsequently, they fuse to ER to generate

ER-derived replicative Brucella-containing vacuoles. In this case, the acidification of the

Brucella-containing vacuole is a requisite to trafficking to the ER and subsequent

intracellular replication of the bacteria (32).

2.4. Life within acidic phagosomes

Staphylococcus aureus is a ubiquitous bacterium that usually produces local

infections which spreads to other tissues and organs. Although it has been considered to be

an extracellular pathogen, it easily invades non-professional and professional phagocytes. S.

aureus persists in the phagolysosomal compartment of phagocytic cells and under these

conditions can survive several days before inducing their lysis (22). This particular

localization of the bacterium seems to be the reason for the recurrent character of

staphylococcal infections, as well as for the failures of clinical treatments using antibiotics

that are active in vitro.

Finally, as a new example of intracellular adaptation, the obligate intracellular

Coxiella burnetii inhabits an acidified lysosomal-like compartment (18). It has been shown

that after its entrance into human macrophages Coxiella adquires late endosomal-early

lysosomal markers and resides in acidic vacuoles with pH 5, remaining metabolically active.

3. ANTIBIOTIC TREATMENT OF INTRACELLULAR BACTERIAL INFECTIONS

It seems clear that obtaining a high concentration of a given drug within the cells is

not enough to achieve the eradication of intracellular bacteria. Intracellular pathogens, when

inside cells, are not only protected from the extracellular environment (antibodies,

complement, and even some antibiotics), but also these new physicochemical intracellular

conditions induce strategic (structural and metabolic) changes, making them resistant to

antibiotics that are active in vitro. Likewise, it should be stressed that the intracellular

activity of antibiotics may also change. For instance, the bactericidal activity may be lost at

the acidic pH of phagolysosomes or these drugs may not be able to access the host cell

organelles, where the microorganism resides and replicates (see above). Therefore, the final

encounter between the pathogen and the antibiotic may not be as successful as predicted by

in vitro studies (1).
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In order for a treatment to be successful the antibiotic used must fulfill a series of

criteria, including the ability to enter and be retained by the cell, the capacity to reach the

intracellular target, and the display of activity in that peculiar environment where the

bacteria reside.

It has been recognized that a number of antibiotics do not efficiently penetrate cells,

thereby achieving low intracellular concentrations. This is the case of beta-lactams and

aminoglycosides. Beta-lactam antibiotics exert their antibacterial action by inhibiting the

synthesis of peptidoglycan. Most beta-lactams are weak acid compounds that, although

capable of crossing biologic membranes, do not accumulate within the cells, probably due

both to the more acidic nature of the cell cytosol compared to the extracellular milieu and

active antibiotic efflux pumps (33). However, it has been shown that the low accumulation of

beta-lactams in cells can be compensated by their good activity at acidic pH, conferring these

drugs therapeutic potential in spite of their apparently unfavorable cellular

pharmacokinetics (34).

Aminoglycosides are antibiotics with broad antimicrobial activity, post-antibiotic

effect and synergy with beta-lactam antibiotics. However, aminoglycosides show a limited

intracellular activity compared to their strong bactericidal activity in an extracellular

medium. These drugs diffuse very slowly and poorly through cell membranes due to their

high hydrophilicity, but they may be incorporated into macrophages using a fluid-phase

pinocytosis process when applied at high concentrations and long incubation times. (35). In

contrast to the beta-lactams, aminoglycosides are weakly basic, so after reaching the interior

of the cell they are confined within the lysosomes, where the acidic pH may suppress their

activity. This lack of activity has been related to the protonation of the molecule at acidic pH.

Since aminoglycosides enter the bacteria by active transport, factors affecting this transport

would reduce their antibacterial activity (36). Another important issue that limits the use of

aminoglycosides is their well-known toxicity. The main adverse effect of aminoglycosides is

nephrotoxicity, as a result of renal cortical accumulation, followed by ototoxicity and, to a

lesser extent, respiratoty depression and hematological alterations (leukopenia) (37). The

narrow therapeutic range between effective and toxic aminoglycoside levels prevents the use

of high concentrations of these drugs.

In contrast to the lack of accumulation within the cells reported for the antibiotics

mentioned above, macrolides and quinolones present a high cellular accumulation but,
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nevertheless, there is not always a direct correlation between their accumulation and

intracellular activity. Macrolides are weak organic bases that show a marked cell penetration

and tissue accumulation, for which they occupy a prominent place in the treatment of

infections caused by intracellular bacteria. Inside the cells macrolides distribute mainly to

the cytosol and lysosomes where they are trapped by protonation. However, the final

outcome depends on the macrolide used. Some studies have shown that azithromycin, for

instance, may be essentially bacteriostatic against Listeria monocytogenes (35) and S. aureus

(38), probably because their acidic pH environment decreases macrolides activity (39).

Quinolones, another class of antibiotics that achieve high intracellular concentrations

in both infected and non-infected cells, can diffuse to various subcellular compartments

without associating with any specific cellular structure (40). The majority of quinolones are

effective against intracellular bacteria as Legionella (41) and Listeria monocytogenes (35) but

some of them show reduced activity at lower pH, which would explain the discrepancy

between their extracellular and intracellular activities when treating pathogens that are

localized within phagolysosomes (42).

Furthermore, occasionally, treatment is made difficult due to the specific

characteristics of the bacteria, e.g. the presence of metabolically silent or dormant bacteria

within the host, which may not be susceptible to some antimicrobial agents. Bacteria in such

a phase are much more intolerant to antibiotics than logarithmic phase organisms because

they undergo a series of physiological or phenotypic changes that can block antibiotic targets

(43). For example, an antibiotic that inhibits protein synthesis will have no effect when the

intracellular bacteria are in a dormant stage. Beta-lactams exert their bactericidal activity on

multiplying microorganisms (synthesis of peptidoglycan, but not the structure itself), so no

effect will be expected if the bacteria do not replicate.

Finally, it has been established that antimicrobial drugs can influence the interaction

between microorganisms and phagocytes (44). Antibiotics in general have the ability to alter

various functions of the antimicrobial activity of the phagocytic cells of the host. For example,

gentamicin enhances the intracellular destruction of microorganisms by the macrophage

(45), while the other aminoglycosides inhibit this ability (46). On the contrary, chemotaxis,

oxidative burst or cytokine production are not affected by aminoglycosides. Finally, there are

studies that indicate that this type of antibiotics does not influence the endocytic machinery,

whereas other works suggest inhibitory effects (47).
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4. ANTIBIOTIC ENCAPSULATION IN DRUG DELIVERY SYSTEMS

In spite of the emergence of new antibiotics, the treatment of intracellular infections

remains unsolved. The main challenge for intracellular chemotherapy is to design and

develop a carrier system for antibiotics that could be efficiently endocytosed by phagocytic

cells and, once inside the cells, capable of releasing the drug. In this sense, polymeric and

lipidic DDS are well suited as vehicles for the delivery of antimicrobial agents because they

usually provide a sustained drug release effect, minimize the toxicity associated with the

encapsulated drugs and increase the overall drug efficacy. Moreover, DDS protect the

incorporated drug from premature immunological and enzymatic attacks and, in some cases,

they act synergistically with cellular bactericidal mechanisms (48).

4.1. Liposomes

Since their discovery in the early 1960s, liposomes have been one of the most

extensively studied drug carriers. They are spherical vesicles of one or several concentric

lipid bilayers, usually composed of phospholipids and cholesterol, enclosing aqueous

compartments (49). Moreover, due to their similarity to biological membranes they present

low toxicity and immunogenicity. Liposomes are of interest mainly because of their

structural versatility and the possibility of entrapping drugs of different size and solubility

properties. Depending on the method used for their preparation, liposomes of different sizes

and number of lamellae can be obtained. Based on these parameters liposomes can be

classified into small unilamellar vesicles (SUV), large unilamellar vesicles (LUV) and small

plurilamellar vesicles (SPLV). Moreover, liposomes are able to entrap both hydrophilic and

hydrophobic compounds. Water-soluble compounds are located in the aqueous spaces while

lipid-soluble ones are bound or incorporated into the lipid membrane.

When administered intravenously liposomes are rapidly removed by the phagocytic

cells of the MPS (50), especially by macrophages in the liver (Kupffer cells) and spleen. This

is one of the reasons which have lead to the study of the applications of liposomes in the

treatment of intracellular infections (51). However, the general use of liposomes as DDS has

been hindered by several issues, the most important being the stability of liposomes after

their administration. After intravenous administration liposomes are opsonized and exposed

to the destabilizing interaction of certain blood constituents, especially lipoproteins. It has

been suggested that upon contact between lipoproteins and liposomes, lipoproteins can
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remove phospholipids from the lipidic structure of the liposomes, living pores through which

the content of the liposome is released (52). The grade of destruction of liposomes depends

mainly on the type and composition of these vesicles. For instance, SUV composed

exclusively of phosphatidylcholine are rapidly disrupted in the serum and lipids from the

liposome are transferred to the lipoproteins. Conversely, the incorporation of cholesterol to

the formulation can partially inhibit this disintegration (53). Therefore, it seems necessary to

be careful in the choice of the liposome components for the successful design and

development of liposome-based therapies.

4.1.1. Uptake of liposomes by mononuclear phagocytic system cells

Liposomes are mainly taken up by cells by means of endocytosis. However, fusion

processes between liposomes and the cell membrane might also be involved in liposome

uptake. The internalization of liposomes into phagocytic cells takes place following different

steps: stable adsorption to the cell membrane, liposome uptake by an energy-dependent

mechanism, the fusion with the lysosomes and degradation of the liposomes by the action of

lysosomal enzymes releasing their content (figure 2) (50). Among these, the first step seems

to be the limiting one for liposome internalization, since a stable adsorption of the liposome

to the cell surface will further facilitate its uptake. However, the extent of liposome

adsorption and subsequent internalization depends on their physicochemical properties.

Allen et al. studied the effect of the physicochemical properties of liposomes on the

uptake by murine macrophages and they concluded that small and negatively charged

liposomes were the ones most efficiently internalized (54). It seems that the negative charge

can enhance the binding of liposomes to macrophages and promote their phagocytosis.

Consistent with this, some authors have observed that negatively charged liposomes are

internalized slightly more efficiently than neutral liposomes by murine macrophages, and to

a greater extent than positively charged liposomes (55). However, it was also found that

internalization was higher for antibody-coated liposomes than for non-coated liposomes,

probably because in this case the uptake occurs by specific Fc receptor-mediated

endocytosis. In addition, this type of coating apparently protects liposomes from cell surface-

induced leakage by preventing close contact between the liposome and the cell surface.

Cholesterol may also play an important role in liposome internalization. It has been

suggested that the incorporation of cholesterol into liposomes may change the distribution of

phospholipids in the membrane rendering phagocytosis more difficult (56). So, although
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cholesterol concentrations above 50% give optimal stability to liposomes in the presence of

serum lipoproteins, a lesser amount of cholesterol would be preferable to provide sufficient

liposome stability without compromising capture by phagocytic cells (57).

Nevertheless, as stated above, liposomes are finally found at the lysosomal

compartment, hence this strategy seems to be useful to fight bacteria that reside in

lysosomes. Conversely, when the bacteria localize within other subcellular compartments the

final encounter between the pathogen and the drug may be impaired. Different formulation

strategies have been developed to solve this problem, including the preparation of pH-

sensitive liposomes, which have the ability to escape from the endosomal compartment and

release the encapsulated active compound in the cell cytoplasm.

Figure 2: Different intracellular fate of conventional and pH-sensitive liposomes. Conventional

liposomes are delivered to lysosomes (LYS) and degraded, releasing the contained drug. pH-sensitive

liposomes also traffic through early and late endosomes (EE and LE) to lysosomes, where they are

unstable. At the acidic pH of lysosomes, these liposomes are able to destabilize the lysosomal

membrane or fuse to it, releasing their drug content into the cell cytoplasm.
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4.1.2. Intracellular destination of pH sensitive liposomes

pH sensitive liposomes are stable at neutral pH but are destabilized at mildly acidic

pH delivering the encapsulated material into the cell cytoplasm. There are two main

categories of these liposomes: intrinsically pH-sensitive liposomes and those which utilize an

external non-lipid trigger. In general, it is assumed that pH-sensitive liposomes are taken up

more efficiently than pH-insensitive liposomes (58). After binding to the cell surface,

liposomes enter cells via endocytosis and then are delivered into endosomes, where they

encounter a more acidic environment than the extracellular milieu. This type of liposomes

presents membranes that have been designed to destabilize and/or fuse with the endosomal

membrane when the pH value drops, resulting in the release of the active compound to the

cytoplasm prior to arrival in the lysosomes (figure 2). Dioleoyl phosphatidylethanolamine

(DOPE) and weakly acidic amphiphilies have been widely used to confer intrinsic pH-

sensitivity to liposomes (58, 59). At physiological pH, amphiphilies possess negative charges

that stabilize the lipidic bilayer structure. However, as the pH decreases (as it happens in

endosomes), the head group of amphiphilies become protonated and

phosphatidylethanolamine molecules revert from a bilayer phase to a non-bilayer phase,

resulting in liposomal destabilization. Another strategy for endosomal escape of the pH-

sensitive liposomes is the addition of proteins or peptides that exhibit membrane lytic or

fusion properties at acidic pH. For example, the listeriolysin O from Listeria monocytogenes

has been studied for this purpose (60).

As with conventional liposomes, the major limitation of pH-sensitive liposomes in

vivo is their aggregation and instability in plasma, but this problem can be solved by adding

polyethylene glycol to the formulation (59). This coating prevents interaction with blood

constituents, leading to an increased stability in plasma and also to a lower recognition by

circulating monocytes.

4.1.3. In vitro efficacy of liposome-assisted antibiotic treatment

Several antibiotics have been encapsulated into liposomes to improve their

interaction with phagocytic cells and obtain an intracellular accumulation (61). Most studies

on liposome-encapsulated antibiotics have been performed in Mycobacterium-infected cells.

In this sense, liposome-entrapped quinolones and macrolides have shown to enhance the

killing of intracellular M. avium complex (MAC). Encapsulating ofloxacin and clarithromycin

into liposomes significantly increased the internalization and intracellular efficacy of the
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drugs against MAC in human macrophages (62). Thus, at day 4 following treatment

liposome-encapsulated antibiotics were able to reduce the number of colony forming units

(CFU) by more than 0.93 log units and 0.4 logs, respectively, in comparison to free drugs.

Similarly, liposome-encapsulation of azithromycin, rifabutin and clarithromycin significantly

increased their delivery into macrophages and their antimycobacterial activity, compared to

the same concentration of the free drugs (63). In these two studies, the addition of

ethambutol to either the free or liposome-encapsulated drugs led to an enhancement of their

activity.

Azithromycin- and ciprofloxacin-containing liposomes presented 40-fold greater

activity in murine macrophages harboring Mycobacterium avium (64). Among the different

ciprofloxacin formulations tested, a maximal cellular accumulation and antimycobacterial

activity of ciprofloxacin was reached as the negative charge of the liposomes increased. The

quinolone sparfloxacin has also been entrapped into liposomes in order to be used against

MAC-infected J774 macrophages (65). However, the reduction of the intracellular bacteria

was only slightly higher for the liposome-encapsulated antibiotic in comparison to its free

form. In this case, the lack of a marked increase in the effectiveness of the liposomal form of

sparfloxacin may be ascribed to its intrinsic lipophilic nature, which enables it to accumulate

efficiently in macrophages.

Aminoglycoside antibiotics have also been tested for their ability to reduce

intracellular MAC (66). Liposomal streptomycin was more effective in the intracellular killing

of bacteria than the free drug, achieving a reduction of 89.1% of the CFU with the higher dose

used (50 mg/L). It was found that the unloaded liposomes reduced the infection by 0.2 log

units at this lipid dose, suggesting that they could improve the antibacterial activity of the

antibiotic. The same study also reports that 5 mg/L of ciprofloxacin-loaded liposomes

produced a 50-fold reduction of the initial level of infection compared to the free drug.

Resorcinomycin A is another type of antibiotic that has shown more effective

intracellular activity against MAC when its liposomal form is used (67). Three days after

treatment with a 50 mg/L dose of free and liposome-encapsulated antibiotic resulted in 62%

and 93% of bacterial growth inhibition, respectively. Moreover, liposomal resorcinomycin A

maintained its antimycobacterial activity for 7 days after treatment, while the activity of the

free drug lasted for less than 3 days.



Drug Delivery Systems for potencial treatment of intracellular bacterial infections

22

Liposomes containing aminoglycosides have also shown to enhance the killing of

other intracellular bacteria. Vitas et al. found that at a 20 mg/L concentration positively-

charged SPLV containing 30% cholesterol and gentamicin completely eradicated the Brucella

abortus infection in murine macrophages (57). In contrast, the same vesicles with 50%

cholesterol had a markedly lower intracellular activity, reducing the number of CFU by 0.84

log units compared to the untreated control group. Gentamicin has also been entrapped into

pH-sensitive liposomes in order to be used against Salmonella typhimurium and Listeria

monocytogenes (68). At an equivalent gentamicin dose, the liposomal carriers achieved and

intracellular gentamicin concentration 21.5 times higher than the free drug, being those

liposomes that included DOPE and N-succinyl-DOPE in the formulation the most effective.

This antibacterial activity was especially greater against L. monocytogenes and a hemolysin-

expressing S. typhimurium, which resides in the cell cytoplasm, than against wild-type S.

typhimurium, suggesting that the gentamicin released from pH-sensitive liposomes

concentrates mainly in the cell cytoplasm. In another study, liposomes containing

dihydrostreptomycin showed 40-fold higher activity against intracellular S. aureus in murine

macrophages in comparison to the effect exerted by the drug solution and unloaded

liposomes (69).

The entrapment of the beta-lactam antibiotic, flucloxacillin, and rifampicin in

liposomes also improved the intracellular activity of these antibiotics against S. aureus

compared to the free drugs (70). The study was performed in phagocytes which had a

decreased or lack of ability to produce reactive oxygen intermediates (ROI). The number of

surviving bacteria after the treatment with liposome-encapsulated flucloxacillin and

rifampicin was 5 and 2.5 times lower than when treated with the free drugs.

Finally, beta-lactam antibiotics have also been liposome-encapsulated in order to

treat intracellular infections produced by Listeria monocytogenes. A 50 mg/L concentration

of ampicillin entrapped in liposomes killed 90% of the intracellular bacteria after 6 h

incubation (71). On the other hand, penicillin G-containing liposomes reduced the infection

by more than 3 log units when 100 U/mL of entrapped penicillin G were added to the

infected cell culture (72).

4.2. Polymeric micro- and nanoparticles

Microparticles and nanoparticles were developed as alternative systems to

liposomes, to solve their stability problems during storage and after administration in
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biological fluids. This improved stability and the possibility of obtaining a modulable

controlled release of the encapsulated drug are the main advantages of polymeric particles

over liposomal carriers. Thanks to advances in techniques for microencapsulation and the

development of new polymers, such vectors are currently the subject of an extensive

research on the encapsulation of many active ingredients such as hormones, anticancer

agents, antigens and antibiotics (73).

In the last few decades several methods were developed to prepare polymeric micro-

and nanoparticles (74). Some of the common methods used for polymeric particle

formulation are emulsification-solvent removal (or solvent evaporation), phase separation

(or coacervation), interfacial polymerization and spray-drying. The selection of a particular

technique depends mostly on the physicochemical characteristics of the drug of interest. In

general, the polymers used for drug encapsulation purposes can be broadly divided into two

groups, depending on their nature: natural and synthetic polymers. Natural polymers (i.e.

human or bovine serum albumin, gelatin, collagen, alginate, chitosan, hyoluronan, starch) are

polymers derived from natural sources. Their lack of purity and homogeneity and the risk of

disease transmission have led to a decrease in their use. On the other hand, synthetic

biodegradable and biocompatible polymers (i.e. poly(a-hydroxyacids), polyanhydrides like

poly(sebacic acid) and poly(fatty acid dimer-sebacic acid), are extensively used for the

encapsulation of many drugs. Among these synthetic polymers, the aliphatic polyesters

poly(lactic acid) (PLA), and copolymer poly(lactic co-glycolic acid) (PLGA) are the most

widely investigated class of polymers with regard to toxicological and clinical data (75). PLA

and PLGA are non-toxic, biocompatible and biodegradable polymers approved by the Food

and Drug Administration for human consumption (76, 77).

4.2.1. Endocytosis and the intracellular fate of polymeric particles used as

drug delivery systems

Phagocytic cells are programmed not only to recognize pathogens, but also to localize

and readily internalize foreign materials such as, for instance, polymeric particles used as

DDS (78). Upon their intravenous administration, the particles interact with blood cell

constituents and are generally captured by the macrophages of the MPS, being rapidly

cleared from the blood-stream. This phenomenon is related to opsonization, which involves

the adsorption of plasma proteins, complement components and factors among others.

Therefore, this fact, which would be a disadvantage in the treatment of some infections,
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provides passive targeting to the interior of monocytes and turns polymeric particles into

exceptional candidates for the treatment of intracellular infections that affect the MPS.

As illustrated above in the context of pathogens, the first experimental observation

concerning intracellular transport of polymer particles was the fact that there is also a wide

variation in the reported rates of phagosome maturation depending on the particles used (5,

79). The receptors or mechanisms of entry used during phagocytosis undoubtedly have

major consequences on the biochemical nature of the nascent phagosomes (80). Namely, the

physico-chemical parameters of the particles, such as size and surface hydrophobicity,

determine some of the characteristics of the initial endosomal compartment (81). Further

fusions with other endocytic vesicles and recruitment of various proteins from the cytosol

influence particle trafficking along the phagolysosome pathway (3, 81) (figure 3). However,

the exact mechanism mediating the cellular uptake of particles and the advantages of specific

sizes and surface properties of these DDS are just beginning to be understood.

It is generally assumed that hydrophobic particles are more easily phagocytosed than

hydrophilic ones by forming hydrophobic interaction with the cell surface (82). However, it

has been shown that 1 μm-sized hydrophobic latex beads remain associated with early 

endosomes but do not fuse with lysosomes, finally being found in a relatively neutral

environment (pH 6.0 to 6.8). It seems that the tight apposition displayed with regard to the

phagosome membrane prevents phagosome from its maturation, which is similar to the

process observed with Mycobacterium to inhibit phagosome-lysosome fusion (83). On the

other hand, hydrophilic particles are degraded at a faster rate upon the phagosome

maturation into phagolysosomes. These particles are then found in the more acidic

microenvironment typical of matured phagosomes (pH 4.6 to 5.1) (81).

According to the size, Koval et al. (84) found that particles presenting a size below 1

μm are internalized by clathrin-mediated endocytosis. Conversely, as the size of the particles 

increases, the uptake process becomes more clathrin-independent. Thus, for particles with a

diameter of 1 μm or above, internalization occurs by phagocytosis after the formation of

actin-coated invaginations in the macrophage membrane. In this study it was also observed

that the mechanism of entry further influenced particle behavior inside the cell. Following

their uptake, micrometric-range latex beads were quickly delivered to lysosomes while

particles of smaller size showed a delayed delivery to lysosomes. Once there, it is expected

that drug delivery particles can be degraded and the encapsulated drug released.
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Figure 3: Intracellular trafficking of polymeric particles. The polymeric particle surface needs to

stimulate binding to the cellular membrane to initiate phagocytosis. Two principal mechanisms have

been discussed to explain the internalization of particles into cells: the zipper-like and the trigger-like

mechanisms. In the zipper mechanism, pseudopods go forward to engulf particles, probably due to

their high affinity toward the cell membrane, resulting in the formation of tightly apposed

phagosomes. These events occur in the case of cationic or hydrophobic particles. In contrast,

hydrophilic or anionic particles are phagocytosed without formation of pseudopods and end up in

loosely apposed phagosomes. As a trigger mechanism, the particle would be ingested in a sinking-in-

to-the-cell-like manner, in loose contact with the phagosomal membrane. Phagocytosis leads to the

intracellular entrapment of particles in phagosomes, which mature under the influence of

acidification, resulting from their fusion with lysosomes (LYS). The process of phagosome maturation

has been shown to relate to the degree of apposition of the phagosomal membrane to the entrapped

particle. -Hydrophobic particles tightly fitted in phagosomes inhibit maturation by resisting rapid

fusion with lysosomes, because of the ionic interactions with the negatively charged phagosomal

membrane. These particles are therefore found in relatively neutral microenvironments (6.0–6.8) and

in tight apposition to the phagosomal membrane. -Hydrophilic particles, entrapped loosely in the

phagosomes, are subjected to rapid fusion with lysosomes. These particles are then found in more

acidic microenvironments typical of matured phagosomes (pH 4.6 to 5.1). Abbreviations: EE = early

endosome; LE = late endosome.
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Thus, in general, the more a particle is diverted from endocytic trafficking into

phagolysosomes, the more slowly its contents are degraded. This behavior could be exploited

to increase the half-life of therapeutic molecules.

4.2.2. Synergy of polymeric particles with cellular bactericidal

mechanisms

Another point to be considered regarding the treatment of intracellular infections is

the synergy of the polymeric particles with the bactericidal mechanisms of the phagocyte.

The stimulation of the intracellular ROI may act synergistically with the antibiotic activity to

kill intracellular bacteria, thus increasing treatment efficiency. For example, Lecároz et al.

studied the effect of different PLGA polymers (PLGA 502H and 752H) on the characteristics

of gentamicin-containing microparticles (85). The main difference between these two

polymers is the lactide/glycolide ratio, being 50:50 for the copolymer 502H and 75:25 for

752H. In addition, the copolymer 752H has a higher molecular weight and is more

hydrophobic compared to 502H. These authors found that microparticles of uncapped PLGA

502H (free -OH and COOH groups) with hydrophilic end-groups stimulate the oxidative burst

of macrophages in a more efficient way (measure of general cell activation) (86). However,

the phagocytosis of microparticles may not correlate with the activation of the cells. Overall,

the phagocytosis of microparticles depends mainly on the hydrophilicity of the polymer,

whereas it is the presence of uncapped end-groups which influences the cell activation (87).

Smaller and less hydrophilic PLA and PLGA 752 particles may be efficiently internalized, but

their surface characteristics may not be able to activate the oxidative metabolism to an

extent comparable to that of polymer surfaces containing specific functional groups, such as -

COOH and -OH in the end-group of uncapped polymers (88).

These results were corroborated in experiments performed with macrophages

infected with Brucella. It was found that the effect of gentamicin-loaded PLGA 502H

microparticles significantly decreased the intracellular bacterial levels of infected monocytes

in comparison to PLGA 502 microparticles, although PLGA 502H released only 14% of the

encapsulated gentamicin within the initial 24 h in vitro, as compared to a 50% burst release

from the PLGA 502 microparticles (89). It can thus be hypothesized that a higher number of

PLGA 502H particles were phagocytosed, increasing bactericidal oxidative burst that will act

synergistically with gentamicin activity (48).
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Recently, this potential capacity of polymeric DDS to induce the activation status of

the macrophages has also been confirmed by Sharma et al. in the case of PLA microparticles

(90). In this study, the authors observed that microparticles containing two anti-tuberculosis

agents, rifampicin and isoniazid, efficiently targeted lung macrophages and enhanced the

respiratory burst and nitric oxide production by macrophages. The results showed

significantly higher amounts of reactive nitrogen intermediates in M. tuberculosis-infected

cells treated with inhalable microparticles in comparison to non-treated ones. Moreover,

drug-containing microparticles induced the release of O2
- and both TNF-alpha and IL-12

cytokines in contrast to unloaded microparticles.

Taken together, these studies reveal that the ingestion of microparticles by

macrophages may result in their activation and, subsequently, may enhance the host defense

functions of the immune system.

4.2.3. In vitro efficacy of polymeric particles for antibiotic treatment

In vitro studies using infected macrophages have demonstrated that antibiotic-

containing polymeric particles efficiently target phagocytic cells achieving therapeutic drug

concentrations intracellularly and consequently improving the killing of intracellular

microorganisms. PLGA microparticles containing gentamicin have been shown to enhance

the intracellular killing of Brucella abortus (89) and Brucella melitensis (91) in infected

macrophages. Prior et al. prepared gentamicin containing microparticles by the spray-drying

method using PLGA 502 and PLGA 502H polymers (89). Treatment of the infected cells with

gentamicin-loaded PLGA 502 and PLGA 502H microparticles reduced the infection by 1 and 2

log units, respectively, compared with untreated controls, whereas unloaded microparticles

were not able to enhance the killing of bacteria. However, only the treatment with

gentamicin PLGA 502H microparticles was significantly more effective in reducing bacteria

than free gentamicin. Furthermore, in order to improve the dispersability of the particle the

effect of the addition of 2% (w/v) of poloxamer 188 to the medium was studied.

Interestingly, it was found that an increased antibacterial activity of microencapsulated

gentamicin is achieved by dispersing the microparticles in this surfactant (3.5 log units for

PLGA 502H microparticles). Although the mechanism responsible for this effect is still

unclear, several factors may have played a role in this outcome. Surfactant adsorption onto

the microparticles may have altered the surface polarity and subsequently enhanced cell

adhesion and phagocytosis, which might have been additionally facilitated by a higher degree

of particle dispersion in the presence of the surfactant. One can also speculate that unspecific
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cell activation by the surfactant and synergistic enhancement of the antibiotic activity could

also have exerted some antibacterial effect.

PLGA 502H microparticles prepared by the solvent evaporation method were further

used against B. melitensis infected human macrophages (91). The results demonstrated that

these PLGA microparticles are efficiently captured by the macrophages and that the

gentamicin released from these particles is active and can exert its bactericidal effect inside

the macrophagic cells. A 30 μg dose of encapsulated gentamicin reduced the intracellular 

Brucella counts by 2.2 log units.

By using transmission electron microscopy and immunocytochemistry (gold-labeled

antibodies against gentamicin), it was possible to observe the released of the antibiotic from

the particles, not only in the cytoplasm and nucleus but also inside Brucella’s compartment

(figure 4). PLGA 502H nanoparticles were also prepared by this method, but even though

they showed a higher capacity for monocyte activation than microparticles, they were

discarded for in vitro efficacy studies due to the low antibiotic entrapment obtained (92).

Figure 4: Transmission electron micrographs of THP-1 human monocyte engulfing both gentamicin-

containing microparticles (MP) and Brucella melitensis cells (BM). White microparticles and dark

brucellae can be seen throughout the monocyte. Microparticles ranged in size around 1.0 m in

diameter and appeared as discrete membrane-bound particles. Gentamicin (GEN) was detected

(immunogold dots) inside microparticles and also inside Brucella’s compartment. (Original

magnification x 10.000).
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Another aminoglycoside, streptomycin, and the tetracycline doxycycline have also

been encapsulated in polymeric nanoparticles and used against intracellular B. melitensis

(93). The antibiotics were simultaneously incorporated in a PEO-b-PtBA (poly(ethylene

oxide)-b-poly(tert-butyl acrylate)) diblock copolymer and efficacy studies were performed in

infected murine macrophages. Both the antibiotic combination containing nanoparticulated

carriers and the free drugs completely eradicated the infection. Doxycycline has the ability to

penetrate and concentrate into cells but, due to its mainly bacteriostatic activity for the

treatment of brucellosis, it is used in combination with an aminoglycoside presenting

bactericidal activity. In this case, the capability of the polymeric nanoparticles to enter cells

and target intracellular B. melitensis was confirmed. Moreover, as discussed below, although

there were no differences between the efficiency of free and encapsulated drugs in vitro,

studies in vivo confirmed the advantage of using encapsulated gentamicin over free

gentamicin (93).

Encapsulation in polyisohexylcyanoacrylate (PIHCA) nanoparticles is a different well-

studied strategy for the delivery of another antibiotic, ampicillin, to mouse macrophages

(94). It has been observed by confocal micrographs and transmission electron microscopy

that ampicillin-loaded PIHCA nanoparticles efficiently target Salmonella-infected murine

macrophages. Although at early stages endocytic vesicles contained mainly intact

nanoparticles, at later stages nanoparticles were localized in close contact with bacteria

inside phagosomes and phagolysosomes. Moreover, ultrastructural autoradiography showed

that, apart from increasing the penetration of the antibiotic into macrophages, ampicillin

nanoparticles had increased bactericidal effect against Salmonella typhimurium, even at

incubation times as short as 2-4 h (95).

Ampicillin bound to PIHCA nanoparticles has also been studied in the same in vitro

model of L. monocytogenes infection (96). In addition to the results obtained for Salmonella

these nanoparticles were also effective regarding the treatment of L. monocytogenes-infected

cells. After 30 h of incubation, nanoparticles reduced the number of viable bacteria by 1.75

log units over the free drug. However, in this case a lag period of 6-9 h was required for the

antimicrobial effect to begin, probably due to the different intracellular localization of these

bacteria.
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5. TREATMENT OF EXPERIMENTAL INFECTIONS MEDIATED BY DRUG DELIVERY

SYSTEMS

5.1. Tuberculosis

Tuberculosis is one of the leading causes of death worldwide with more than 3

million deaths annually. It is estimated that one-third of the world’s population is infected

with Mycobacterium tuberculosis, the causative agent of tuberculosis, Asia and Africa being

the continents with the highest annual incidence. Moreover, with the increased incidence of

acquired immunodeficiency syndrome, tuberculosis has become a significant opportunistic

disease.

Current treatment of tuberculosis requires daily administration of multiple

antitubercular drugs for at least 6 months. This prolonged and uncomfortable therapeutic

schedule is the main reason for patient non-compliance and therefore for therapeutic

failures and the emergence of multidrug resistant-tuberculosis.

In this context, the development of a drug carrier that, with a single dose, could

maintain therapeutically active levels of the drug for prolonged periods of time without

causing any toxicity would be the ideal solution to tuberculosis treatment. Some of the most

important achievements of the encapsulation of antitubercular drugs are the reduction of

drug-associated toxicity, as well as the reduced dose and dosing frequency needed to achieve

a therapeutic effect. The first objective of this DDS-mediated therapy is to achieve sustained

therapeutic drug levels at the infection sites. In this sense, important improvements have

been obtained. When administered as conventional formulations, rifampicin and isoniazid

achieve low serum concentrations and are maintained in circulation for less than 24 h.

Conversely, intravenous administration of 12 mg/kg and 10 mg/kg liposome-entrapped

isoniazid and rifampicin resulted in sustained therapeutic drug levels for up to 5 and 7 days

in serum and organs, respectively (97). This modification of the pharmacokinetics of these

drugs may permit a weekly treatment regimen instead of the current daily one. Moreover,

the chemotherapeutic efficacy of liposome-encapsulated isoniazid and rifampicin

administered once a week has been demonstrated in a murine tuberculosis model. It was

found that only one-third of the dosage of isoniazid and rifampicin was necessary to achieve

therapeutic effects when administered as a liposomal formulation.
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At equivalent doses, antibiotic-loaded liposomes were significantly more effective in

reducing the number of bacteria in lungs, liver and spleen than the combination of free oral

drugs. Besides, no sign of liposome-induced hepatotoxicity was observed during the

treatment. Thus, this liposome-mediated treatment of tuberculosis may be a promising

approach to obtain a therapy with good patient compliance, low cost and reduced dosage

frequency and toxic effects.

The encapsulation of antitubercular drugs in polymeric particles is another strategy

to improve the current therapeutic regimen of tuberculosis. In the last few years several

antitubercular drugs-containing PLGA and PLA microparticles and mainly nanoparticles have

been exhaustively studied. One of the most novel proposals for the chemotherapy of

tuberculosis is the use of inhalable or respirable particulate carriers that deliver

antimycobacterial drugs directly in the lungs, thus achieving high drug concentration at the

main infection site while reducing systemic toxicity. The pharmacokinetics and

antimycobacterial effect of polymeric particles carrying antitubercular drugs have been

studied in guinea pigs. Polymeric carriers have shown better pharmacokinetics profiles than

liposomes. A single nebulization of rifampicin, isoniazid and pirazinamide coencapsulated in

PLGA nanoparticles administered to guinea pigs maintained therapeutic drug concentrations

in the plasma and lungs for 6 to 8 days, and for up to 11 days, respectively (98). Moreover,

great antimycobacterial activity was shown in the lungs of the animals treated with

nanoparticles. The nebulization of the nanoparticulated formulation every 10 days resulted

in the sterilization of the lungs after five doses. In contrast, 46 daily doses of orally

administered drugs were required to achieve an equivalent therapeutic outcome. In this case,

the superior efficacy of nanoparticulate systems over the microparticulated ones seems to be

clear, as no inhalable microparticle formulation has been able to completely eradicate the

lung infection (99, 100).

Another interesting feature is that the stability of polymeric particles allows the

possibility of an oral administration. Ul-Ain and co-workers demonstrated that PLGA

microparticles provide a sustained release of isoniazid, rifampin and pyrazinamide for up to

9 days in various organs and for at least 3 days in plasma (101). In this case, weekly oral

administration of nanoparticles showed similar results to those obtained by the daily-

administration of free drugs. Moreover, the chemotherapeutic efficacy of PLGA-encapsulated

drugs given orally was equivalent to that of subcutaneously injected drugs, but with the

advantage of being a more comfortable administration route. Once again the same drugs

rendered better results when encapsulated into nanoparticles versus microparticles.
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Following a single oral administration of these nanoparticles in mice, drug levels could be

detected in plasma for 6-9 days and in organs for 9–11 days. Further, a total of 5 doses of

drug-loaded nanoparticles administered every 10 days to Mycobacterium tuberculosis-

infected mice completely eradicated the bacteria on the infected tissues (102). Thus, these

studies clearly document the efficacy of polymeric nanoparticle-based antituberculosis

chemotherapy in experimental tuberculosis as an alternative to long-term treatment

regimens.

5.2. Brucellosis

Human brucellosis is still a major health problem worldwide with more than 500,000

cases per year. While the endemic disease is limited to some areas of the Mediterranean

basin and developing countries in Asia, Africa and Latin America, the current expansion of

international travel increases the likelihood that the disease may be observed in any non-

endemic area. Brucellosis is a systemic infection that can involve any organ or tissue in the

body. The onset may be acute with fever, sweats, fatigue, malaise and arthralgias, or even

more insidiously, may develop over a period of weeks to months. Most relapses appear

during the first six months after therapy with milder clinical findings than those usually

observed at the initial episode of the disease, although some patients develop particularly

insidious clinical relapses.

The aim of any treatment for human brucellosis is to fight against the symptoms of

the disease, reduce complications and, eventually, prevent relapses. However, since the

complete eradication of the microorganisms is very difficult to achieve, synergistic or

additive antibiotic combinations are required for prolonged periods of time to obtain

satisfactory results.

Although in the last two decades many trials have provided good evidence criteria for

its antibiotic treatment, the most appropriate antimicrobial therapy for human brucellosis

continues to be a controversial issue. Overall, the combination of oral doxycycline and

intramuscular aminoglycosides is considered the most effective treatment, with an

associated relapse rate of 5% (103). Significant drawbacks include the need for parenteral

administration and the potential toxicity of aminoglycosides. The effective role of

aminoglycosides in this combination should be stressed: whereas aminoglycosides used as

monotherapy have shown little efficacy, probably due to their poor intracellular penetration,

they have shown a substantial synergistic effect with tetracyclines in vitro and in vivo (104).
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The oral combination of doxycycline and rifampicin for 45 days is so far the best alternative

treatment, because of its lack of side effects and its acceptability to patients. However, this

treatment it is less effective (failure rate about 15%), mainly in the complicated forms of the

disease (103).

Thus, alternative methods such as DDS to achieve high intracellular bactericidal

activity should be considered. The development of antibiotic-containing liposomes was the

first approach to overcome the mentioned drawbacks and to obtain a more effective and

compliable treatment for brucellosis. Vitas et al. designed a new method for the preparation

of cationic SPLV loaded with gentamicin, which achieved a high removal of intracellular

bacteria (57). Subsequent in vivo studies in mice infected with B. abortus concluded that

these liposomes produce a fairly significant protective effect, not observed in antibiotic-free

treatments or with negatively charged liposomes, demonstrating the efficacy of those newly

developed liposomes in the treatment of brucellosis (105). However, despite the promising

results described above, important drawbacks are attributed to these vesicles, such as their

instability in the presence of blood lipoproteins and their osmotic fragility, which can

destabilize them, leading to the leakage of the entrapped drug. In addition the long-term

stability during storage of liposomes is also an unresolved problem.

Therefore, several works with polymeric microparticles and nanoparticles were

initiated. Prior et al. prepared PLGA 502H microparticles by the spray-drying method.

Vectors with a good encapsulation and release profile of gentamicin were obtained. In

addition, the formulations activated macrophages (48) and significantly reduced the number

of intracellular bacteria in vitro (89). Unfortunately the particles lacked therapeutic activity

in vivo because, although their size was suitable for intravenous administration, these

formulations showed a marked tendency to aggregate, resulting in poor circulation of the

microparticles to the spleen, considered the target organ of Brucella.

The particle aggregation was solved by using the emulsion formation/solvent

evaporation method when formulating particles. In fact, Lecároz et al. showed that when

administered in 502H micro or nanoparticles or 752H microparticles, gentamicin was

successfully delivered to the liver and the spleen (85, 92). Pharmacokinetic parameters

illustrated the markedly altered distribution of PLGA-loaded gentamicin compared to the

free drug, as higher concentrations of the antibiotic in the spleen and liver were observed

when it was administered loaded in microparticles. At the same time, undetectable
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concentrations were obtained in the serum samples, precluding drug accumulation in the

kidneys.

This long persistence of gentamicin beyond the half-life of the particles is probably a

result of the nature of this aminoglycoside. These drugs are highly stable and are not

metabolized in the liver. As a consequence, their intracellular retention is very high.

Furthermore, when mice were chronically infected with a virulent strain of this

bacterium and treated with both microparticle formulations, the level of infection in the

spleen was significantly reduced after a single microparticle administration (1.45 log for

752H microparticles and 0.45 log for 502H microparticles, at 3 weeks post-treatment). In

contrast, free gentamicin was ineffective. Distribution studies showed that after two weeks,

only 752H microparticles remained intact in the spleen and, in modest quantities, in the liver.

However, gentamicin was detected up to four weeks post-administration in both spleen and

liver after a single dose of administration of the microparticle formulations. These

gentamicin concentrations were within the range of the in vitro MBC for Brucella, and

consequently a significant reduction of the level of infection was observed in the spleen of

mice chronically infected, 7 days after a single microparticle administration.

Recently, polymeric nanoparticles prepared using PEO-b-PtBA diblock copolymer

and carrying streptomycin and doxycycline have been developed for brucellosis treatment as

alternative systems to PLGA copolymers (93). B. melitensis-infected mice were treated with 9

mg/kg streptomycin and 1.8 mg/kg doxycycline, either free or incorporated in nanoparticles.

After 3 days, both the free drugs and nanoparticles containing the drug combination had

reduced the infection in the spleen (0.51 log and 0.72 log reduction, respectively) but only

the nanoparticles obtained a significant reduction of the infection in the liver (0.79 log

reduction). Thus, alternative methods such as DDS to achieve high intracellular bactericidal

activity seem promising. The possible use of drug delivery systems containing

aminoglycosides may be one of the most relevant therapeutic advances in human brucellosis

treatment in the recent years.

5.3. Salmonellosis

Salmonellosis is one of the most serious food-borne diseases affecting humans. It may

be considered the most important pandemic zoonosis under natural conditions. Salmonella

spp. are facultative intracellular bacteria that can cause a wide spectrum of disease ranging
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from gastroenteritis, enteric fever, bacteremia and focal infections, to a chronic carrier state.

Currently, the most important problems concerning treatment of salmonellosis are the

emerging resistance to fluoroquinolones, the production of extended-spectrum beta-

lactamases and the increase of multidrug resistant Salmonella strains.

Several studies using antibiotic-loaded nanoparticles have been performed in order

to assess the suitability and efficacy of these carriers in experimental models of

salmonellosis. PIHCA nanoparticles have shown promising results, reducing the mortality in

acute infections caused by S. typhimurium in mice (106). A single dose of 0.8 mg of

encapsulated ampicillin resulted in the survival of all mice 60 days after bacterial

inoculation. In contrast, 3 doses of 32 mg of free ampicillin were required to obtain the same

effect. All untreated mice and those treated with empty nanoparticles died within 10 days

post infection. The authors attribute this enhanced effect to the selective targeting of the

carriers to the infected tissues as well as to the effective intracellular targeting observed in

vitro (94, 95). In order to assess whether polyalkycyanoacrylate nanoparticles were also

effective against non-dividing bacteria, Page-Clisson et al. studied the effectiveness of these

carriers in a model of persistent S. typhimurium infection (107). They found that although at

early stages of the infection, when bacteria are actively dividing, there was an antibacterial

effect, neither free nor nanoencapsulated ciprofloxacin or ampicillin could significantly

reduce infection in the liver or the spleen at later stages. Therefore, the important role of the

metabolic state of the bacteria on their susceptibility to antibiotics was again confirmed.

Ampicillin has also been entrapped in liposomes for the treatment of salmonellosis.

As seen with nanoparticles, ampicillin-containing liposomes concentrate mainly in the spleen

and at a lesser extent in the liver. However, liposomes were shown to be less effective for the

treatment of acute S. typhimurium-induced samonellosis than PIHCA nanoparticles (108). A

single dose of 0.8 mg liposome-bound ampicillin protected 60% of the treated mice in

comparison with 100% protection achieved with nanoparticles (106). Moreover, the

nanoparticles were more effective targeting ampicillin to the liver than liposomes.

Apart from ampicillin, aminoglycoside-loaded liposomes have also been employed in

the treatment of experimental salmonellosis. A 20 mg dose of liposome-entrapped

streptomycin was shown to prolong survival of mice to at least one month. When 2 doses of

20 mg or a single dose of 80 mg were administered, the mice survived for more than 55 days

(109). Moreover, the liposome entrapment of streptomycin markedly decreases its toxicity.
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Gentamicin is also more effective against S. typhimurium and S. dublin when it is

administered bound to liposomes. 10 mg/kg liposomal gentamicin markedly enhanced the

survival of S. typhimurium-infected BALB/c mice regardless of whether liposomes were

administered a week prior or 1 or 2 days after infection (110). In the case of mice bearing a

systemic S. dublin infection, the administration of 2, 10 and 20 mg of gentamicin loaded into

liposomes resulted in 80, 90 and 100% mice survival, respectively (111). pH-sensitive

liposomes have also been successfully used for the treatment of S. typhimurium-infected mice

(112). Gentamicin concentration in the liver and spleen were increased by 153- and 437-fold,

respectively, when this drug was administered encapsulated into pH-sensitive liposomes.

Moreover, the concentration of the antibiotic in the kidney was reduced 2.8 times. This

favorable pharmacokinetic behavior was associated with an improved in vivo efficacy of the

carriers. The administration of 0.2 to 5 mg/kg of liposomes resulted in a 3 log reduction of

the bacteria in the spleen, while the same doses were ineffective when administered as free

drugs.

Therefore, alternative methods such as DDS which achieve high protective and

bactericidal activity should be taken into account in the future as suitable treatments for

Salmonella-induced infections.

5.4. Listeriosis

Listeriosis is a severe foodborne disease caused by the facultative intracellular

pathogen, Listeria monocytogenes. This bacterium is an important cause of life-threatening

infections, including sepsis and meningoencephalitis, especially in neonates, pregnant

women, the elderly and immunocompromised patients. Additionally, although isolates of L.

monocytogenes are susceptible to a wide range of antibiotics (35), the clinical management of

listeriosis remains a difficult task due to the ability of this microorganism to multiply

intracellularly and spread cell-to-cell without leaving the protective environment of the

host's cells. The current therapy of choice for listeriosis treatment is a combination of

ampicillin and an aminoglycoside, usually gentamicin (113).

Different carriers of ampicillin have been developed in order to increase the

antibiotic availability at the intracellular sites where the bacteria reside. Distribution studies

in uninfected mice showed that when ampicillin was administered intravenously entrapped

into liposomes, it quickly concentrated in the liver and mainly in the spleen (108). Moreover,

the efficacy of liposomes and free antibiotic were assessed in Listeria-infected mice. Seven
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days after the treatment, ampicillin-loaded liposomes had reduced the infection by 3.2 logs in

the liver and 2.8 logs in the spleen, while free ampicillin was ineffective. In another study,

Bakker-Woudenberg et al. also observed that higher concentrations of ampicillin were

obtained in the liver when the antibiotic was administered bound to liposomes (71).

Moreover, they found that the lipid composition of the carriers had a marked influence on

the in vivo behaviour of the liposomes. For example, although less fluid liposomes maintained

higher ampicillin concentration for a longer period of time in the liver, they were less

effective in the killing of bacteria than more fluid liposomes.

Regarding nanoparticles, ampicillin-containing polymeric nanoparticles were also

significantly more effective than free ampicillin in a chronic experimental listeriosis in

athymic nude mice (114). Seven days after the treatment administration, ampicillin-bound

nanoparticles completely eradicated the infection in the liver, while free ampicillin did not

ensure liver sterilization during the 19 days that the experiment lasted, even with doses as

high as 48 mg (this total dosage was divided into three doses of 16 mg/each). Regarding the

spleen, the differences between these treatments were not so notorious, but the ampicillin-

loaded nanoparticles significantly reduced the infection compared to the untreated group

(2.1 log reduction), an effect only achieved when high doses of free ampicillin were used.

6. CONCLUDING REMARKS AND PERSPECTIVES.

Up to now, no antibiotic therapy has been reported to eradicate most intracellular

bacteria such as Brucella or Mycobaterium. Moreover, a prolonged exposure to combined

antibiotics are required to reduce the disease relapses down to 5-15%. In this sense, DDS

have an important role in the management of intracellular infections. As stated above,

formulation of antimicrobials in DDS can reduce the side-effects of these drugs and increase

patient compliance, thus saving money on health care delivery (115). In this setting, the

potential use of DDS loaded with antibiotics may be one of the most relevant therapeutic

advances in the treatment of intracellular bacterial diseases in recent years. Liposomes have

shown good potential in improving the efficacy and tolerability of antibiotics of current use,

however, problems concerning their stability during storage and administration require

rigorous attention. On the other hand, polymeric particles, mainly nanoparticles, have

emerged more recently as attractive carriers for the delivery of drugs to infected cells.

Synthetic biodegradable and biocompatible polymers have been shown to be effective for

encapsulating a great variety of antibiotics. Moreover, these polymeric particles strongly
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enhance phagocytosis and are suitable for intracellular delivery of antibacterial agents.

Therefore, it is likely that soon after confirmation of the safety properties of these antibiotic-

loaded DDS pilot studies in humans could be initiated.
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HYPOTHESIS and OBJECTIVES

Faced with the challenge of treating diseases caused by intracellular bacteria, the use

of controlled delivery systems of antibiotics, such as polymeric nanoparticles, has been

proposed as an alternative to conventional therapeutic regimens based on long lasting

combined therapies and associated with toxicity and poor patient compliance. Concretely, the

aminoglycoside gentamicin is an extremely active antibiotic against the extracellular forms of

a great variety of bacteria, but its narrow therapeutic index and potential systemic toxicity

dificult in some cases its therapeutic use.

The benefits of using polymeric nanoparticles as drug carriers to treat diseases

caused by intracellular bacteria lie in their passive targeting to the cells of the mononuclear-

phagocytic system, the main host cells of intracellular pathogens, the improvement of drug

cellular internalization and the sustained release of the drug from the carriers.

Bearing in mind these features, the hypothesis of this study was that vectorization of

a hydrophobic derivative of gentamicin (gentamicin-AOT) in biodegradable polymeric

nanoparticles could allow for a higher and more selective accumulation of the drug in the

infected tissues, thus improving the effectiveness of the antibiotic, and may make it possible

to reduce both the required number of doses and the frequency of administration, with

potential subsequent reduction of its toxicity.

Therefore, the general objetive of the project was to develop highly loaded

gentamicin polymeric nanoparticles with the aim of improving the current treatment of

intracellular bacterial infections, in terms both of efficacy and patient compliance, and to

evaluate their suitability for the treatment of brucellosis, as a model of intracellular bacterial

disease.

Hence, the partial objectives of the work are the following:

1. To prepare and physico-chemically characterize microstructured gentamicin-AOT

and biodegradable polymeric nanoparticles containing gentamicin-AOT (Chapter 1).
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2. To study the cellular pharmacokinetics and pharmacodynamics of gentamicin-AOT

loaded formulations that had previously been developed, in monocytic-phagocytic cells

(Chapter 2).

3. To evaluate the pharmacokinetics and the toxicity of the formulations developed in

murine models and to assess the efficacy of the nanosystems in Brucella-infected mice

(Chapter 3).
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HIPÓTESIS y OBJETIVOS

Ante el gran reto del tratamiento de las enfermedades causadas por bacterias

intracelulares, se ha propuesto la utilización de sistemas de liberación controlada de

antibióticos, tales como las nanopartículas poliméricas. Estos nanosistemas podrían ser una

alternativa a las pautas de tratamiento convencionales, basadas en combinaciones de

antibióticos durante largos periodos de tiempo y asociadas no solo a la aparición de

reacciones adversas sino también al bajo cumplimiento por parte de los pacientes. El

aminoglucósido gentamicina, es un antibiótico muy activo frente a las formas extracelulares

de una gran variedad de bacterias, pero su bajo índice terapéutico y su potencial toxicidad

sistémica dificultan en algunos casos su uso en clínica.

Las ventajas derivadas del empleo de nanopartículas poliméricas como

transportadores de fármacos para el tratamiento de enfermedades causadas por bacterias

intracelulares radican en su vectorización pasiva hacia las células del sistema mononuclear-

fagocítico, principal célula huesped de los patógenos intracelulares, en la mejora de la

internalización celular del fármaco y en la liberación sostenida del principio activo desde los

mismos.

Teniendo en cuenta lo anteriormente expuesto, la hipótesis de este trabajo es que la

encapsulación de un derivado hidrofóbico de gentamicina (gentamicina-AOT) en

nanopartículas poliméricas biodegradables podría dar lugar a una mayor y más selectiva

acumulación del fármaco en los tejidos infectados, mejorando la eficacia del antibiótico, así

como permitiendo disminuir tanto el número de dosis como la frecuencia de administración.

Todo ello podría favorecer la disminución de su toxicidad.

El objetivo general del presente proyecto es desarrollar nanopartículas poliméricas

con una cantidad elevada de gentamicina con el fin de mejorar el tratamiento actual de las

enfermedades infecciosas causadas por bacterias intracelulares. Para evaluar la eficacia de

las nanopartículas se utiliza como modelo de enfermedad la brucelosis.

Así, los objetivos parciales del trabajo son los siguientes:
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1. Preparar y caracterizar físico-químicamente gentamicina-AOT microestructurada y

nanopartículas poliméricas biodegradables conteniendo gentamicina-AOT (Capítulo 1).

2. Estudiar la farmacocinética celular y la farmacodinamia de las formulaciones de

gentamicina-AOT en monocitos y macrófagos (Capítulo 2).

3. Evaluar la farmacocinética y la toxicidad de las anteriores formulaciones en

modelos murinos y determinar la eficacia de estos nanosistemas en ratones infectados

experimentalmente con Brucella (Capítulo 3).
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ABSTRACT

Gentamicin (GEN) is an aminoglycoside antibiotic with a potent antibacterial activity

against a wide variety of bacteria. However, its poor cellular penetration limits its use in the

treatment of infections caused by intracellular pathogens. One potential strategy to overcome

this problem is the use of particulate carriers that can target the intracellular sites of

infection. In this study GEN was ion paired with the anionic AOT surfactant to obtain a

hydrophobic complex (GEN-AOT) that was formulated as a particulated material either by the

Precipitation with a Compressed Antisolvent (PCA) method, or by encapsulation into

poly(D,L-lactide-co-glycolide) (PLGA) nanoparticles (NPs). The micronization of GEN-AOT by

PCA yielded a particulated material with a higher surface area than the non-precipitated

complex, while PLGA NPs within a size range of 250-330 nm and a sustained release of the

drug over 70 days were obtained by preparing the NPs using the emulsion solvent

evaporation method. For the first time, GEN encapsulation efficiency values around 100%

were achieved for the different NP formulations with no signs of interaction between the

drug and the polymer. Finally, in vitro studies against the intracellular bacteria Brucella

melitensis, used as a model of intracellular pathogen, demonstrated that the bactericidal

activity of GEN was unmodified after ion-pairing, precipitation or encapsulation into NPs.

These results, encourage their use for treatment for infections caused by GEN sensitive

intracellular bacteria.
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1. INTRODUCTION

The treatment of infectious diseases caused by intracellular bacteria is still a

challenge for clinicians. Bacteria such as Mycobacterium, Legionella, Brucella or Listeria (1)

have developed the ability to persist and replicate inside several mammalian cells including

the hostile phagocytic cells, which constitute the first-line defense against invading

pathogens. Once the macrophage killing mechanisms have been subverted, the intracellular

habitat effectively protects bacteria from host defense mechanisms as well as from the action

of antibiotics. Thus, in spite of the availability of a wide variety of in vitro active antibiotics,

therapeutic failures are reported, mainly because of the inability of the drugs to reach the

bacteria harbouring intracellular compartments or to exert their activity in the intracellular

environments (2).

Gentamicin (GEN) is an aminoglycoside antibiotic with a well-known broad spectrum

of antibacterial activity that inhibits bacterial protein synthesis by binding to 30S subunit

sites of the bacterial ribosome (3). In contrast to other antibiotics that impede protein

synthesis, aminoglycosides exhibit a concentration-dependent bactericidal activity and a

post-antibiotic effect (4). Due to these properties and its low cost, GEN is commonly used for

initial antimicrobial therapy in suspected or documented bacterial septicaemia (5). However,

the hydrophilic nature of this antibiotic hinders its capacity to penetrate the cells and,

besides, the internalized molecules are mainly accumulated in lysosomes, where the

bioactivity of the drug is low. Therefore, limited intracellular activity against susceptible

bacteria is often found (6, 7). In this context, high and repeated doses are usually required to

achieve sufficient GEN concentration at intracellular sites, which may induce systemic side

effects such as nephrotoxicity and ototoxicity. These drawbacks, together with the need for

parenteral administration, hamper its therapeutic application.

One potential strategy to provide efficient intracellular therapy is to encapsulate GEN

in drug delivery systems (DDS) (8, 9). After their intravenous administration, colloidal

carriers in the blood stream are rapidly taken up by the cells of the mononuclear phagocytic

system that recognise these particles as foreign (10). This characteristic, which in many cases

presents a major obstacle, would provide great benefit in the treatment of infections that

involve the mononuclear phagocytic system. Therefore, the use of DDS has been proposed for

passive targeting of infected cells of the mononuclear phagocytic system to increase the
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therapeutic index of antimicrobials in the intracellular milieu, while minimizing the side

effects associated with the systemic administration of the antibiotic.

A number of natural and synthetic polymers have been investigated for the design of

biodegradable particles, but, among them, poly(D,L-lactide-co-glycolide) (PLGA) has been the

most extensively used in drug delivery. PLGA is a FDA-approved biodegradable and

biocompatible polymer that allows the formulation of particles with versatile

physicochemical characteristics and degradation kinetics by varying the copolymer

composition and molecular weight (11, 12). Recently, GEN loaded PLGA DDS have been

obtained by the multiple emulsion solvent evaporation method for the treatment of

brucellosis (13). The developed formulations were successfully captured by the macrophages

and distributed mainly to the liver and spleen, preventing drug accumulation in kidneys (14,

15). Moreover, GEN loaded microparticles significantly reduced the spleen infection.

However, despite the promising results obtained, and in order to reduce the number of

required doses, an improvement in GEN loading would be required before the formulation

could be used for human therapy.

To achieve this goal, GEN molecule has been modified to a more hydrophobic complex

by hydrophobic ion pairing (HIP) with the anionic surfactant bis(2-ethylhexyl) sulfosuccinate

sodium salt (AOT) (16). We hypothesize that by leveraging its hydrophobicity, GEN-AOT itself

may be formulated as a particulated material which can be captured by the infected

phagocytes. Therefore, in this paper we describe the preparation and characterization of two

novel GEN-AOT carriers: on the one hand, PLGA GEN-AOT nanoparticles (NPs) obtained by a

single emulsion evaporation method and, on the other, polymer-free GEN-AOT

microstructured particles, produced by precipitation of GEN-AOT with a compressed fluid

based methodology (Precipitation with a Compressed Antisolvent, PCA) using carbon dioxide.

Particles were characterized in terms of size, surface charge and morphology. Moreover,

encapsulation efficiency, drug-polymer interactions and the in vitro release of the antibiotic

were also evaluated for polymeric NPs. Finally, the bioactivity of the developed formulations

was assessed in vitro against Brucella melitensis as a model of facultative intracellular

bacteria.



CHAPTER 1

65

2. MATERIALS AND METHODS

2.1 Materials

Bis(2-ethylhexyl) sulfosuccinate sodium salt (AOT) was supplied by Sigma (Tres

Cantos, Spain). Carbon dioxide (purity > 99.9%) was obtained from Carburos Metálicos S.A

(Barcelona, Spain) and acetone, HPLC grade, from Teknokroma (Sant Cugat del Vallès, Spain).

PLGA 502H (Resomer® RG 502H, PLGA 50:50, 13.7 kDa) and 752H (Resomer® RG 752H,

PLGA 75:25, 17 kDa) were purchased from Boehringer Ingelheim (Ingelheim, Germany).

Gentamicin sulphate, polyvinyl alcohol (PVA, Mw 85000-124000, 97-99% hydrolyzed) and

mannitol were obtained from Sigma-Aldrich (St. Louis, MO, USA) and ethyl acetate from

Panreac Química S.A. (Barcelona, Spain).

The reagents used for fluorimetric assays were o-phtalaldehyde from Merck

(Darmstad, Germany), β-mercaptoethanol from Sigma (St. Louis, MO, USA) and boric acid and 

diethyl ether from Panreac Química S.A. (Barcelona, Spain). Bacterial culture mediums,

trypticase soy agar and cation-adjusted Mueller-Hinton (CAMH) broth were from Biomerieux

(Marcy l’Etoile, France) and DIFCO BD (Franklin Lakes, NJ, USA), respectively.

2.2 Hydrophobic Ion Pairing of Gentamicin Sulphate

The ionic complex of gentamicin (GEN) with the anionic surfactant bis(2-ethylhexyl)

sulfosuccinate sodium salt (AOT), GEN-AOT, was prepared as a waxy solid by the

hydrophobic ion pairing (HIP) method (16) according to the methodology previously

described (17). Following this process, 5 mol of AOT were used for the stoichiometric

complexation of the 5 ionizable amino groups of GEN and therefore the replacement of the

sulphate counter ions, yielding an ionic complex with a GEN:AOT ratio of 1:5. In brief, 800 ml

of a solution of AOT in dichloromethane (12.55 mg ml-1) were added to an equal volume of a

buffered aqueous solution (10 mM sodium acetate, 10 mM KCl, 10 mM CaCl2, pH 5.0) of GEN

sulphate (4 mg ml-1) and stirred vigorously for 3 h. The phases were separated by

centrifugation (2350 g, 5 min) and the ionic complex was recovered from the organic phase

by evaporation and dried under vacuum for 15 min.

2.3 Preparation of microstructured GEN-AOT by PCA

The preparation of the polymer-free GEN-AOT microstructured particles was

performed by a compressed fluid based technology called Precipitation with a Compressed



Novel bioactive hydrophobic gentamicin carriers for the treatment of intracellular bacterial infections

66

Antisolvent (PCA) (18) using an experimental set-up which has previously been described

(19). The PCA-process scheme is depicted in figure 1.

Figure 1: Schematic illustration of the PCA process used for the precipitation of gentamicin-AOT.

The experiments were carried out following the subsequent steps: first, the

precipitation chamber (300 ml) was filled with CO2 and allowed to equilibrate to the

operating pressure and temperature (10 MPa, 25 °C). For achieving the desired molar

fraction of CO2, xCO2 = 0.95, the back pressure valve was opened and CO2 and the organic

solvent, acetone, were simultaneously pumped into the vessel with a volumetric CO2:solvent

ratio of 18:1 ml min-1. After 20 min, the injection of pure organic solvent was stopped and 10

ml of the solution of GEN-AOT in acetone (0.3 g ml-1) were sprayed through a hollow cone

nozzle (diameter = 100 μm), at the same rate as the pure solvent, into the current of CO2. The

antisolvent effect of the compressed CO2 (cCO2) on the sprayed solution caused the

precipitation of the GEN-AOT complex. The solid particles were collected over a sintered

metal filter covered with a PTFE membrane placed inside the autoclave. The removal of the

possible residual solvent in the final particulate material was done by a current of CO2 at

36.67 ml min-1 and 10 MPa for one hour. The dried particulate solid was collected from the

filter after depressurizing the precipitation chamber.
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2.4 Preparation of GEN-AOT polymeric nanoparticles

GEN-AOT was encapsulated into PLGA NPs by the oil-in-water emulsion solvent

evaporation method using two different copolymers of PLGA, PLGA 502H and 752H. Briefly,

different amounts of GEN-AOT were dissolved in 1 ml of ethyl acetate containing 200 mg of

copolymer. This organic phase was emulsified with 2 ml of a 0.5% (w/v) PVA aqueous

solution by ultrasonication (Branson sonifier 450, Branson Ultrasonics corp., Danbury, CT,

USA) at 15 W for 1 min in ice bath. The formed O/W emulsion was then poured into a 50 ml

solution of 0.2% (w/v) PVA and continuously stirred for at least 3 h at room temperature to

allow solvent evaporation and NP formation. Particles were collected by centrifugation

(24,000 g, 15 min) (Sigma Laboratory Centrifuges, 3K30, Rotor No. 12150-H, Osterode am

Harz, Germany), washed three times with ultrapure water and freeze dried after addition of

5% mannitol as a cryoprotector. Each formulation was produced at least in triplicate.

2.5 Physicochemical Characterization of polymeric nanoparticles and PCA-

processed GEN-AOT

2.5.1 Particle size and zeta potential measurement

NPs size was determined by a dynamic light scattering technique using a Zetasizer

Nano ZS analyser system (Malvern Instruments, Worcestershire, UK). Formulations were

diluted in ultrapure water and measured in triplicate. The results were expressed as the

average of the three measurements. The polydispersity index (PdI), which indicates the width

of the size distribution, was also obtained.

Surface charge or zeta potential values of the formulations were determined by Laser

Doppler Electrophoresis using the same apparatus. Samples were prepared by diluting the

particle suspensions in ultrapure water. Measurements were performed in triplicate and each

measurement was averaged over at least 12 runs.

2.5.2 Particle morphology and gentamicin distribution

The morphology of PLGA GEN-AOT NPs was studied using a field emission scanning

electron microscope Quanta 200 FEG-SEM (FEI, Eindhoven, The Netherlands) and the

morphology of raw and PCA-processed GEN-AOT was analyzed using a JEOL JSM-6300 (Jeol

LTD, Tokio, Japan). The samples were directly mounted on a bioadhesive carbon sheet and

coated with gold for 4 minutes using a sputter coater (K550x, Emitech, Ashford, UK). To study

the GEN-AOT distribution in the polymeric matrices Energy Dispersive X-ray (EDX)
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microanalyses were performed using Quanta 200 FEG-SEM, (FEI, Eindhoven, The

Netherlands) equipped with an EDX system for chemical analysis (EDAX, Tiburg, The

Netherlands). Images were analyzed with EDEX Genesis software. For the EDX study the

samples were coated with carbon using a K550 coater with a K250 carbon coating

attachment (Emitech, Ashford, UK).

2.5.3 Residual PVA

The amount of surface-associated PVA was determined by a colorimetric method

based on the formation of a complex between two adjacent hydroxyl groups of PVA and a

molecule of iodide (20). Briefly, 2 ml of 0.5 M NaOH were added to 2 mg of freeze-dried NPs

and incubated for 15 minutes at 60°C in a water bath. Then the solution was neutralized with

900 μl of 1 N HCl and adjusted to 5 ml with deionised water. Subsequently, 3 ml of 0.65 M 

boric acid, 0.5 ml of 0.05 M/0.15 M I2/KI and 1.5 ml of distilled water were added to each

sample. Finally, after 15 minutes of incubation at room temperature, the absorbance of the

resulting solution was measured at 690 nm using an Agilent 8453 UV-Vis spectrophotometer

(Agilent Technologies, Waldbronn, Germany). In parallel, a calibration curve of PVA standard

solutions was prepared following the same procedure.

2.5.4 X-ray powder diffraction analyses (XRPD)

Diffraction patterns were recorded on a Siemens D5000 powder diffractometer

(Bragg-Brentano geometry) using Cu Kα radiation (λ=1.5406 Å), at a voltage of 40 kV and an 

intensity of 35 mA. Samples were mounted on a flat sample holder and were scanned from

2.5º to 100º in 2θ, at a scan rate of 0.02° 2θ s−1.

2.5.5 Fourier transform infrared spectroscopy (FTIR)

FTIR analyses were carried out using a Spectrum One (Perkin Elmer, USA)

spectrometer attached to an attenuated total reflectance accessory (UATR accessory, Perkin

Elmer, USA). Powder samples were directly placed on the diamond disk and scanned over the

range from 4000 cm-1 to 650 cm-1 at a resolution of 1 cm-1. Each spectrum was recorded by

averaging 4 scans.

2.6 Drug loading and encapsulation efficiency

The amount of encapsulated GEN was determined by fluorimetry after the extraction

of the antibiotic from the NP and its derivation with o-phthalaldehyde (21). Briefly, 5-10 mg
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of accurately weighted formulations were dispersed in 1 ml of a 0.1 M NaOH solution and

stirred for 5 h to hydrolyse the polymer. Samples were centrifuged twice (45,000 g, 15 min

and 21,000 g, 10 min) to eliminate the traces of polymer and supernatants were collected. To

quantify the GEN, supernatants were diluted in 0.4 M boric acid pH 9.7 and 50 l were placed

in a 96-well microplate (TPP, Trasadingen, Switzerland). Then 50 l of fluorimetric assay

solution (0.04% (w/v) o-phthalaldehyde, 0.1% (v/v) diethyl ether, 0.2% (v/v) β-

mercaptoethanol in boric acid) were added to the samples and fluorescence was measured in

a Tecan GENios fluorimeter (Tecan Group Ltd, Maennedorf, Switzerland) (excitation

wavelength 340 nm, emission wavelength 450 nm). GEN content was determined by

extrapolating the fluorescence values from a calibration curve prepared with standard GEN-

AOT solutions in boric acid 0.4 M pH 9.7. Finally, the encapsulation efficiency (%) of the drug,

described as the percentage of determined loading relative to the nominal (theoretical)

loading, was calculated.

2.7 In vitro drug release from nanoparticles

GEN-AOT release profile from the NPs was determined by dispersing the formulations

(5-10 mg accurately weighted) in 1.5 ml of phosphate buffered saline (PBS) pH 7.4 with

0.02% (w/v) sodium azide used as a bacteriostatic agent. Samples were incubated at 37 °C

under orbital shaking in a rotatory plate (FALC F200, Falc intruments, Treviglio, Italy) for 10

weeks. At appropriate intervals, the tubes were centrifuged (21,000 g, 10 min), supernatant

was collected and replaced with fresh release medium to continue the study. The collected

supernatants were centrifuged again and the resulting particle-free solutions were

fluorometrically analyzed for drug content as described above. The amount of antibiotic

released in the first 24 h is here defined as the burst effect. Results are presented as the

percentage of released antibiotic with regard to the amount of GEN encapsulation.

2.8 In vitro biological activity studies

Brucella melitensis 16M (ATCC 23456, biotype 1) smooth virulent strain and

Escherichia coli (ATCC 25922) were used for the microbiological studies. B. melitensis was

used as a model of facultative intracellular bacteria, and actvity against E. coli was

determined as quality control. Experiments were performed with fresh bacteria previously

incubated on TSA plates at 37 °C for 48 h or 24 h, respectively.
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Minimum inhibitory (MIC) and bactericidal (MBC) concentration of GEN-AOT

formulations were determined by broth microdilution method using CAMH broth. Antibiotic

stock solutions corresponding to equivalent concentration of 1.28 mg GEN ml-1 were

prepared in 0.9% saline solution and further diluted 1:10 in CAMH broth. Bacterial

suspension was prepared by transferring three isolated colonies from a TSA plate into a 0.9%

saline solution and adjusted to an optical density of 0.125 (600 nm) (~108 CFU ml-1).

Suspension was diluted 1:100 in CAMH broth to a concentration of 106 CFU ml-1 and the real

inoculum was determined by plating appropriate dilutions on TSA plates. Finally, 100 µl of

each treatment was double-serially diluted in 96-well microplates and mixed with a 100 µl

aliquot of the bacterial suspension, which resulted in a starting inoculum of 5 x 105 CFU ml-1

and final GEN concentrations ranging from 0.06 to 64 mg ml-1. As a control for bacterial

growth, antibiotic-free medium was also included. After incubation at 37 °C for 48 h, MICs

were defined as the lowest concentration of drug that resulted in no visible bacterial growth.

Subsequently, 20 µl were removed from wells without visual growth and plated on TSA plates

for colony counting. MBCs were determined from those plates after 4-5 days incubation at

37°C as the minimum concentration of formulation that yielded 99.9% killing of bacteria.

In these assays, empty PLGA NPs and AOT alone were also included as controls in

order to study if the activity of the different treatments was neatly attributable to the GEN

fraction.

3. RESULTS AND DISCUSSION

3.1 Microstructuring of GEN-AOT by PCA

One possible approach to improve the bioavailability of poorly water-soluble drugs,

such the GEN-AOT complex, is to enhance their dissolution rate and biodistribution by

increasing their accessible area through micronization processes (22). In this context, we

have used a compressed fluid based method (PCA) for the processing of GEN-AOT.

Figure 2 depicts the scanning electron microscopy (SEM) images of the non-

processed and PCA-precipitated GEN-AOT together with two photographs showing the

appearance of the same mass of antibiotic before and after processing. The macroscopic

aspect of the solid was dramatically modified by PCA, being changed from yellowish waxy

flakes to a white powdered solid. As can be observed in figure 2, the volume occupied by the

same mass of PCA GEN-AOT is much higher than that of the non-processed complex, implying
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a density decrease upon PCA-precipitation. This change is also noticeable at microscopic

scale, since the SEM images of the processed and non-processed GEN-AOT show a great

change in the microstructure of the antibiotic complex. Already obvious at low magnification,

the surface of the particles obtained by PCA presents a much higher roughness than that of

the non-processed GEN-AOT. Indeed, whilst the raw complex possesses a completely smooth

surface, that of PCA GEN-AOT is formed by homogeneous networked micron-sized particles

that abruptly increase its accessible area. This higher surface area could improve the

dispersion and interaction of the PCA-processed GEN-AOT complex with the infected cells in

comparison with the non-processed GEN-AOT.

Figure 2: SEM images of gentamicin-AOT before (left) and after (right) being processed by PCA. Inset:

photograph of the same mass of gentamicin-AOT before (left) and after (right) its processing.

3.2 Characterization of GEN-AOT polymeric nanoparticles

The success of a DDS based intracellular therapy depends on the efficient

internalization and drug release of the carrier inside the target cells. It is well known that the

interaction between DDS and phagocytic cells and the subsequent particle uptake are largely

affected by particle size and surface properties such as charge and hydrophobicity (23, 24).

The main physicochemical characteristics of the developed nanoparticle formulations are

summarized in table 1.
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Table 1: Main physicochemical characteristics of PLGA formulations prepared by the single emulsion

solvent evaporation method. Data are presented as mean ± SD.

Copolymer
type

Formulation
Initial GEN-AOT

loading (mg)
Size (nm) PdI

Zeta potential
(mV)

Residual PVA (%)
(w/w)

PLGA 502H

NP 502H 0 317±5 0.09±0.03 -20.1±7.5 3.5±0.2

NP 1 20 298±16 0.03±0.03 -3.2±0.7 3.7±0.2

NP 2 40 284±18 0.12±0.03 -2.7±0.7 3.2±0.5

NP 3 60 330±30 0.20±0.05 -3.5±2.7 3.9±0.1

PLGA 752H

NP 752H 0 303±22 0.15±0.08 -23.2±10.8 2.8±0.6

NP 4 20 252±23 0.10±0.05 -3.8±1.8 3.4±0.3

NP 5 40 281±15 0.15±0.04 -3.8±0.2 2.8±0.4

NP 6 60 323±24 0.22±0.04 -2.4±1.4 3.0±0.5

3.2.1 Particle size and zeta potential

Encapsulation of GEN-AOT by the emulsion solvent evaporation method yielded NPs

with mean diameters in the range 250-330 nm and polydispersity indexes below 0.25, which

indicates that NPs with narrow size distribution were obtained. Low micrometer and

nanometer size particles have been reported to be efficiently cleared by the phagocytic cells

(12), so adequate size particles for targeting intracellular sites were obtained.

It was observed that the particle size of the most loaded NPs in PLGA 752H (NP6) is

slightly higher than that of the less loaded particles (NP4), probably due to both the increase

in the organic phase viscosity and the expansion of the nanoparticle matrix at these high drug

loadings. In the case of PLGA 502H NPs, the increase in particle size is within the

measurement deviation and no significant particle size increase was observed.

All the formulations exhibited negative surface charge, which was attributed to the

uncapped carboxylic end groups of the copolymers. However, it was noteworthy that zeta

potential increased when GEN-AOT was incorporated into the formulations, bringing it close

to neutrality. Since it has been found that zeta potential of GEN-AOT particles suspended in

ultrapure water is around -1 mV, it could be deduced that the increase in the surface charge

was due to the presence of drug located on the NP surface. This behaviour may be attributed

to the surfactant properties of the AOT molecules, which could situate some of the drug at the

boundary layer between the water phase and the organic phase during particle formation. As

a result, NPs with a more hydrophobic surface are obtained, which will promote hydrophobic

interactions between NPs and cell membranes and hence enhanced NP uptake (25-27). The

role of the surface hydrophobicity has also been studied in nature for intracellular
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microorganisms such as Mycobacterium (28), Chlamydia (29, 30) or Brucella (31), where

hydrophobic components of the membranes have been found to play an important role in the

attachment of the pathogens to the host cells.

3.2.2 Morphology and gentamicin distribution of the nanoparticles

The SEM images taken of the different formulations (figure 3, NP1 to NP6) reveal that

homogeneous NPs are obtained by the oil in the water single emulsion solvent evaporation

method.

Figure 3: SEM micrographs at a magnification x40,000 of gentamicin-AOT PLGA 502H (NP 1 to NP 3)

and 752H (NP 4 to NP 6) with different initial drug loadings, 20 mg (NP 1 and NP 4), 40 mg (NP 2 and

NP 5) and 60 mg (NP 3 and NP 6) of gentamicin-AOT.

No significant increase in particle size is observed upon augmenting the content of

GEN-AOT in the NP formulation. However, a decrease is observed in sphericity for NPs with

the highest drug content, as was also observed in Elizondo et al (17). Spherical particles tend

to coalesce and form micro/nano-aggregates upon increasing the antibiotic content in the

polymeric NPs. Thus, there is an obvious difference in shape and surface morphology

between NPs with low and high loading.
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EDX microanalysis was performed in order to confirm whether the oil in water single

emulsion solvent evaporation method is able to produce NPs with homogeneous distribution

of the antibiotic. EDX technique enables us to obtain not only the presence but also the spatial

disposition of the elements forming a solid sample, and is therefore useful for studying the

spatial distribution of GEN-AOT, which can be distinguished from PLGA by its S atoms. The

EDX maps of sulphur (S), present in the antibiotic, and oxygen (O), present in both, polymer

and antibiotic, of a physical mixture of pure GEN-AOT and pure PLGA 752H (figure 4, PM)

have been depicted as a control sample, in which antibiotic and polymer particles are clearly

distinguishable by the presence or absence of signal in the S map, respectively. EDX maps of

the most loaded PLGA 752H NPs are also shown in figure 4 (NP 6).

Figure 4: EDX images of most loaded gentamicin-AOT PLGA 752H nanoparticles (NP 6) and a physical

mixture (PM) of gentamicin-AOT and PLGA 752H. SEM image (left), sulphur map (middle) and oxygen

map (right).

The sulphur map of the NP 6 shows clearly that all particles contain sulphur, even

though the intensity is not so high due to the light nature of the element. Therefore GEN-AOT

is distributed across all the NPs, indicating that the emulsion technique provided a

homogeneous entrapment of the antibiotic.
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3.2.3 Residual PVA content

The percentage of residual PVA was found to be less than 4% (w/w) for all

formulations (table 1). PVA is one of the most commonly used stabilizers in the production of

polymeric NP such as PLGA NP. When dissolved, it forms a viscous solution that strongly

adsorbs around the emulsion and drops during the emulsification process. It has been

demonstrated that despite several washings a certain amount of PVA remains associated with

the PLGA NPs surface (32, 33), which can affect their physical and cellular uptake properties

(20). However, in this case very low residual PVA values were obtained.

3.2.4 Cristallinity of GEN-AOT

In order to gather structural information about the polymeric NPs, powder X-ray

diffraction patterns of the different species were measured; these are depicted in figure 5.

Figure 5: XRPD patterns of PVA tensoactive, gentamicin-AOT, pure PLGA polymers and polymeric

nanoparticles; PLGA 502H and gentamicin-AOT loaded PLGA 502H nanoparticles (A) and PLGA 752H

and gentamicin-AOT loaded PLGA 752H nanoparticles (B).

Even though GEN-AOT could not be claimed to be a crystalline compound, its powder

diffraction pattern shows a unique reflection at 3.6 degrees indicating a certain long-range

order of this molecule. This type of powder X-ray diffraction pattern is typically observed for

liquid crystals in which the periodicity has been partially lost and only a few peaks, or rather

an intense peak at low angles, is shown (34). Upon formation of the NPs, this reflection is

maintained at 3.6 degrees and its intensity increases with respect to the amorphous halo of

the polymers when the content of antibiotic in the NPs augments. These facts indicate that

the integration of GEN-AOT in the polymeric matrix does not modify its structure.
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In contrast, the powder X-ray diffraction patterns of pure polymers PLGA 502H and

PLGA 752H (figures 5A and 5B, respectively) show the typical halo of amorphous phase.

The X-ray powder diffraction pattern of the PVA is also represented. It shows several

reflections in the range from 10 to 45 in 2θ which implies that the compound has low 

crystallinity. These reflections are not present in the X-ray powder diffraction patterns of the

NPs, confirming the low % of PVA remaining in the NPs formulation.

3.2.5 Drug-polymer interactions by Fourier transform infrared

spectroscopy

The FTIR spectra of the pure polymers, pure GEN-AOT and the polymeric NPs are

displayed in figures 6A (PLGA 502H) and 6B (PLGA 752H). The assignation of vibration bands

attributed to GEN-AOT is described elsewhere and corresponds basically to the bands

associated with the vibrations of the surfactant AOT (17). Thus, bands between 3000 and

2800 cm-1 are attributed to alkyl chain vibrations of the surfactant chains (not shown in the

figure), bands at 1734, 1201 and 1157 cm-1 are attributed to the AOT ester group and finally

the band at 1036 cm-1 is attributed to the SO32- group. Regarding the polymers, the more

significant bands are those assigned to the ester groups at 1748, 1165 and 1085 cm-1 for

PLGA 502H and at 1750, 1184 and 1085 cm-1 for PLGA 752H.

Figure 6: FTIR spectra of gentamicin-AOT, pure PLGA 502H and nanoparticles NP 1 to NP 3 (A) and

pure PLGA 752H and nanoparticles NP 4 to NP 6 (B).
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Although the FTIR bands corresponding to the polymers overlap with those of the

antibiotic complex, the presence of the most significant band of GEN-AOT (1036 cm-1), whose

intensity increases upon augmenting its content in the formulations, is observed in the FTIR

spectra of the antibiotic loaded NPs. Neither appreciable shifts nor disappearance or

appearance of new bands are observed, the NPs spectra being the result of superimposing

those of the pure PLGA and GEN-AOT, which would indicate the absence of significant

drug:polymer interactions in the solid state.

3.3 GEN-AOT encapsulation efficiency

Ion pairing strategy is the object of growing interest for preparing highly loaded DDS

containing water soluble drugs and proteins (35, 36). HIP makes it possible to increase active

compounds’ solubility in organic solvents (16, 37), thereby permitting us to encapsulate them

in water insoluble polymers like PLGA by a single emulsion method and preventing the

diffusion escape of the drugs to the aqueous phase. The hydrophobic modification of GEN

enabled us to prepare PLGA nanoparticles with very high drug entrapment efficiencies.

As table 2 shows, nearly 100% of the GEN-AOT complex was encapsulated into the

formulations and GEN loadings as high as 60 µg/mg NP were obtained. Interestingly,

encapsulation efficiency was maintained when the drug nominal loading increased, indicating

that a saturation of the organic phase had not been reached. Thus, the addition of the AOT

groups to GEN successfully improved the antibiotic payload of the carriers to concentrations

not reached before for GEN containing PLGA micro or nanoparticles (13, 38). This is an

important achievement, since eradication of intracellular microorganisms requires high drug

concentrations inside the infected cells (2). Moreover, obtaining highly loaded DDS will

reduce the quantity of particles to be administered to achieve the desired dose of antibiotic,

which, in turn, have positive effects on the toxicity and cost of the treatment.

Table 2: Gentamicin-AOT content and encapsulation efficiencies (EE) of the polymeric nanoparticles.

Data are presented as mean ± SD.

Copolymer type Formulation Actual loading (μg GEN/mg NP) EE (%) 

PLGA 502H

NP 1 21.9±1.8 98±7

NP 2 41.4±3.1 99±5

NP 3 58.3±4.8 99±9

PLGA 752H

NP 4 23.25±4.4 100±10

NP 5 41.1±5.5 99±7

NP 6 60.3±6.4 100±3
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3.4 In vitro drug release studies

GEN release profile from the carriers was investigated by incubating the formulations

in PBS (pH 7.4) at 37 °C. Release profile of GEN exhibited a biphasic pattern characterized by

an initial burst during the first 24 h, in which the release might be attributed to the presence

of non-entrapped antibiotic adsorbed on the surface of the NPs, followed by a slow sustained

release for up to 10 weeks (figure 7). GEN release pattern of NP 1 formulation differs from

the other nanoparticles’ formulation. In this case, the hydrophilicity of the formulation may

favour faster solubilisation and erosion of the polymeric matrix, instead of the more

progressive degradation occurring in the more hydrophobic formulations, which results in a

secondary burst.

Figure 7: Gentamicin release profile from PLGA 502H (A) and PLGA 752H (B) NP in phosphate

buffered saline (pH 7.4) as a function of the nominal drug loading. Data are expressed as mean ± SD,

n=3.
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In contrast to previous studies where high burst releases were reported for GEN

loaded carriers (10), burst was moderate for all the GEN-AOT formulations, concretely, less

than 12%. This reduction in the initial burst release was attributed to the hydrophobic ion

pairing of GEN with the AOT surfactant and its consequent enhanced hydrophobicity, which

may allow an increased retention of the drug on the NP surface. The low solubility of the

GEN-AOT complex in aqueous environments could also result in a slow diffusion of the drug

through the polymeric matrix and, therefore, in a more sustained release kinetic of the drug.

Similar release profiles have also been reported for other ion-paired drugs and proteins (16,

35, 39).

The comparison between the release profiles of the different developed PLGA carriers

revealed that the release of GEN from the particles was highly influenced by the used

copolymer type and drug loading. Figures 7A and 7B illustrate the in vitro release profiles of

the drug from the different formulations made with PLGA 502H and 752H respectively. Drug

release from 502H NPs was faster than from 752H NPs, which can be explained by the

different monomer composition of the two PLGA copolymers. The higher content of

hydrophilic glycolic units of the 502H copolymer contributes to its faster degradation and

consequently to the faster release of the encapsulated drug from the carriers (40). Thus, by

the end of the study, 502H NPs released between 71 and 100% of their drug content while

only 55-67% of the drug was released from 752H NPs.

In order to analyze the influence of the drug loading on the release properties of the

formulations, the release profiles of PLGA 502H and 752H NPs containing different amounts

of drug loading were studied. Interestingly, it was found that increasing the amount of GEN in

the formulation decreased the drug release rate. 502H NPs with a nominal loading of 20 mg

released all their content in 70 days, whereas the same NPs but prepared with 40 and 60 mg

of GEN-AOT released 87 and 70% of their drug loading, respectively. By the same time, 20

mg, 40 mg and 60 mg loaded 752H NPs released 67, 61 and 55% of the drug. This result is in

accordance with those observed by other authors who, since the drug loading did not affect

significantly the particle size, attributed this trend to the formation of a more hydrophobic

and compact internal structure of the NPs that hinder the penetration of the water (41). In

addition, NP coalescence could reduce drug delivery rates due to a decrease in accessible

surface which could be translated into delayed release profiles for the most loaded NPs.

Finally, it should also be taken into consideration that the use of in vitro release models

presents limitations with respect to other physicochemical conditions. For example, the
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CAMH broth used for in vitro activity studies contains nitrogenous compounds, vitamins,

carbon, sulphur and amino acids, compounds not present in PBS. Thus, we may expect

different behaviour in PBS with respect to the more complex bacterial culture medium used

in the bioassay, which probably resulted in faster release of the antibiotic.

Overall, the obtained results reveal a significant improved controlled release of GEN

over the previously reported PLGA micro and nanoparticles which ensures that the complete

payload of the NP will be taken up by the cells.

3.5 Antimicrobial activity of free and encapsulated GEN-AOT

For therapeutic drugs, retention of biological activity is a big issue, since instability

(chemical modification, denaturation) may occur in the manufacturing process as well as

during the release.

The activity of the new GEN-AOT formulations was studied against Brucella

melitensis, determining the minimal inhibitory and bactericidal concentrations. The obtained

results are summarized in table 3.

Table 3: Minimum inhibitory (MIC) and bactericidal (MBC) concentrations of gentamicin, gentamicin-

AOT and the developed gentamicin-AOT formulations against Brucella melitensis 16M.

Treatment MIC (mg/L) MBC (mg/L)

GEN sulphate 0.5 0.5

GEN-AOT 1 1

PCA GEN-AOT 1 1

empty 502H NP >64 >64

GEN-AOT 502H NPs 0.25 0.25-0.50

empty 752H NP >64 >64

GEN-AOT 752H NPs 0.25 0.25-0.50

free AOT 32 64

MICs against the quality control bacteria E. coli ATCC 25922 were within the

reference range (0.5 mg ml-1). MICs of the different forms of GEN-AOT against B. melitensis

were one double-dilution above or below the MIC of the reference compound GEN sulphate.

These results demonstrate that the antibiotic activity of GEN was maintained irrespective of

AOT coupling, processing by PCA and encapsulation in the different PLGA NPs. Moreover,

since empty PLGA NPs and AOT alone did not show activity against the bacterial inoculum

(above 64 mg ml-1 and 32 mg ml-1, respectively), the activity of the different treatments was
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neatly attributable to the GEN fraction. Finally, the MBC values proved similar to MICs for all

the treatments, confirming that the biological activity of GEN was preserved. Thus, on the

basis of these findings, GEN-AOT particulate carriers appear to be promising therapeutic

tools in the treatment of susceptible intracellular bacterial infections. Further studies will

focus on the cellular toxicity and efficacy of the developed formulations in Brucella infected

animal models.

4. CONCLUSIONS

Ion pairing of gentamicin with the anionic AOT surfactant allowed its micronization

by PCA, obtaining a particulated material with a high surface area and its encapsulation in

polymeric NPs by the simple emulsion solvent evaporation method. This latter procedure

provided NPs with GEN-AOT encapsulation efficiency around 100% and sustained release of

the drug over 10 weeks. Moreover, neither ion pairing, supercritical fluid processing nor

encapsulation in polymeric NPs affected the bactericidal activity of gentamicin. This fact,

together with the higher nominal loading obtained by using the anionic AOT surfactant,

supports the benefits which such formulations offer for treating susceptible intracellular

bacterial infections.
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ABSTRACT

Objectives: The aim of this study was to investigate different hydrophobic gentamicin

formulations [gentamicin-bis(2-ethylhexyl) sulfosuccinate (GEN-AOT), microstructured GEN-

AOT (PCA GEN-AOT) and GEN-AOT loaded poly(lactic-co-glycolic acid) (PLGA) nanoparticles

(NPs)] in view of improving its therapeutic index against intracellular bacteria. The

intracellular accumulation, subcellular distribution and intracellular activity of GEN-AOT and

NPs in different monocytic-macrophagic cell lines were studied.

Methods: Human THP-1 and murine J774 phagocytic cells were incubated with GEN-AOT

formulations at relevant extracellular concentrations [from 1 x MIC to 18 mg/L (human

Cmax)], and their intracellular accumulation, subcellular distribution and toxicity were

evaluated and compared with those of conventional unmodified gentamicin. Intracellular

activity of the formulations was determined against bacteria showing different subcellular

localizations, namely S. aureus (phagolysosomes) and L. monocytogenes (cytosol).

Results: GEN-AOT formulations accumulated 2- (GEN-AOT) to 8- fold (GEN-AOT NP) more

than gentamicin in phagocytic cells, with a predominant subcellular localization in the soluble

fraction (cytosol) and with no significant cellular toxicity. NP formulations allowed

gentamicin to exert its intracellular activity after shorter incubation time and/or at lower

concentrations. With an extracellular concentration of 10 x MIC, a 1 log10 decrease in S. aureus

intracellular inoculum was obtained after 12 h instead of 24h for NPs vs. free gentamicin, and

a static effect was observed against L. monocytogenes at 24 h with NPs while free gentamicin

was ineffective.

Conclusions: GEN-AOT formulations yielded a high cellular accumulation, especially in the

cytosol, which resulted in improved efficacy against both intracellular S. aureus and

L. monocytogenes.
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1. INTRODUCTION

Despite their highly bactericidal character, aminoglycoside antibiotics are considered

poorly active against intracellular bacteria (4, 5), which has been attributed to their

inappropriate cellular pharmacokinetic profile. Because of their high hydrophilicity,

aminoglycosides penetrate cells only slowly and, once inside them, remain confined in the

lysosomal compartment, where their activity is reduced by the acidic pH (6). Considerable

efforts are therefore made to enhance their cellular concentration.

Drug delivery system-based approaches are being explored in this context (7).

Although they have shown very promising results, their in vivo stability and drug loading

efficiency in the carriers remain important issues. A new approach consists in the chemical

modification of gentamicin with the anionic surfactant bis(2-ethylhexyl) sulfosuccinate

sodium salt (AOT) (GEN-AOT) and its micronization by precipitation using a compressed

fluid-based methodology (Precipitation with a Compressed Antisolvent, PCA) to obtain a

microstructured GEN-AOT (PCA GEN-AOT), or incorporation in poly(lactic-co-glycolic acid)

(PLGA) nanoparticles (NPs) with a very high encapsulation efficiency (8).

We compared the cellular pharmacokinetics and pharmacodynamics of these new

formulations using bacteria thriving in different intracellular locations, namely

Staphylococcus aureus (phagolysosomes) and Listeria monocytogenes (cytoplasm).

2. MATERIALS AND METHODS

2.1. Materials

Gentamicin sulphate and bis(2-ethylhexyl) sulfosuccinate sodium salt (AOT) were

purchased from Sigma-Aldrich (St Louis, MO, USA) and PLGA 502H (Resomer® RG 502H,

PLGA 50:50, 13.7 kDa) and 752H (Resomer® RG 752H, PLGA 75:25, 17 kDa) were supplied

by Boehringer Ingelheim (Ingelheim, Germany). Reagents for cell culture were from

Invitrogen Inc. (Carlsbad, CA, USA) and bacterial culture medium was from Becton Dickinson

(Franklin Lakes, NJ, USA). Other reagents were obtained from Sigma-Aldrich (St Louis, MO,

USA) or Merck (Madrid, Spain).
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2.2. Preparation of gentamicin-AOT, microstructured gentamicin-AOT and

gentamicin-AOT nanoparticles

All gentamicin formulations were prepared as previously described. The ionic

complex of gentamicin and the anionic surfactant AOT was obtained by the hydrophobic ion

pairing (HIP) method (9) and was either micronized by PCA-technology (8) or encapsulated

into PLGA 502H or 752H nanoparticles (NPs) by the oil-in-water emulsion solvent

evaporation method (8) (nominal drug loading of 20 mg per 200 mg of polymer).

2.3. Cell culture conditions and viability assessment

The J774 macrophage cell line (ATCC TIB-67) and human THP-1 monocytes (ATCC

TIB-202) were maintained in RPMI 1640 medium supplemented with 10 % foetal calf serum

at 37 °C in a humidified 5% CO2 atmosphere. Differentiation of the THP-1 cells into adherent

macrophages (A-THP-1) was obtained by incubation of the cells with 75 ng/mL phorbol 12-

myristate 13-acetate (PMA) in complete RPMI medium for 48 h. Cell viability was checked in

cells exposed for 24 h to 18 mg/L gentamicin formulations (see figure S1; assays used were

release of the cytoplasmic enzyme lactate dehydrogenase in the culture medium (LDH assay)

(10) and formation of blue formazan crystals by mitochondrial dehydrogenases in

metabolically active cells (MTT assay) (11)).

2.4. Cellular accumulation and fractionation studies

The cellular accumulation of the antibiotic formulations was studied in THP-1 cells, A-

THP-1 cells and J774 cells as previously reported (12, 13). Their subcellular distribution was

studied in J774 cells after 24 h of incubation using the cell fractionation procedure described

previously (14). Gentamicin content was quantified by microbiological assay using antibiotic

medium 11 and Bacillus subtilis ATCC 6633 as test organism (limit of detection 0.125 mg/L,

linear response between 0.125 and 64 mg/L, r2 = 0.99) (10) and expressed by reference to

the total cell protein content (determined by the Lowry method). Cellular accumulation was

estimated using a conversion factor of 5 μL cell volume/mg of cell protein (15, 16).  
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Figure S.1: Effect of 18 mg/L of gentamicin (GEN) and the different gentamicin-AOT (GEN-AOT)

formulations on the viability of human THP-1 monocytes, A-THP-1 cells and murine J774 macrophages

as determined by the lactate dehydrogenase (LDH) release assay (top) and MTT cytotoxicity assay

(bottom) after 24 h incubation. Data are expressed as mean and standard deviations of three

independent determinations. Abbreviations: GEN = gentamicin, GEN-AOT = gentamicin-AOT, PCA GEN-

AOT = microstructured gentamicin-AOT, GEN-AOT 502H NP = gentamicin-AOT loaded PLGA 502H

nanoparticles, GEN-AOT 752H NP = gentamicin-AOT loaded PLGA 752H nanoparticles, 502H NP = non-

loaded PLGA 502H nanoparticles, 752H NP = non-loaded PLGA 752H nanoparticles, MeOH = methanol.

2.5. Bacterial strains, susceptibility testing and cell infection studies

Minimal inhibitory (MIC) and bactericidal concentrations (MBC) were determined in

Mueller-Hinton broth (for methicillin-sensitive S. aureus strain ATCC 25923, methicillin-

resistant strain ATCC 33591 and Pseudomonas aeruginosa strain PAO1) or Trypticase Soy

broth (for L. monocytogenes serotype 1/2a strains EGD and 56 (17)) by broth microdilution,

according to the CLSI(18) recommendations. MICs for S. aureus ATCC 25923 were also

determined with Mueller-Hinton broth adjusted to different pHs.

Antibiotic intracellular activity was evaluated in J774 cells infected with S. aureus

ATCC 25923 (bacteria/cell ratio of 4) or L. monocytogenes strain 56 (bacteria/cell ratio 5)
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using fully validated procedures (described in detail in refeferences 1 and 2). Intracellular

growth of the bacteria was evaluated after 12 h or 24 h incubation in control conditions

(gentamicin at 0.5 x MIC to prevent extracellular bacterial growth) or in the presence of

antibiotic formulations.

2.6. Statistical analysis

Data analysis and graphical presentation were performed using GraphPad Prism

version 5.00 (GraphPad Software, San Diego, CA, USA). Statistical comparison between

different groups was performed using the Mann-Whitney U test.

3. RESULTS AND DISCUSSION

3.1. Micronized gentamicin-AOT and gentamicin-AOT polymeric nanoparticles

(NP)

Micronization of GEN-AOT (PCA GEN-AOT) resulted in a powdered solid with a

particle diameter of 1 μm and a zeta potential of around -1 mV. GEN-AOT loaded PLGA 502H 

and PLGA 752H NPs presented mean diameters of 263 ± 10 nm and 269 ± 24 nm and a zeta

potential of -3.3 ± 0.5 mV and -3.5 ± 0.9 mV, respectively. Encapsulation efficiencies of 100 %

were achieved for both NP formulations with drug loadings of 21.9 ± 0.5 and 22.7 ± 0.7 μg 

gentamicin/mg of NPs for PLGA 502H and PLGA 752H NPs, respectively.

3.2. Kinetics of cellular accumulation

The cellular uptake of gentamicin has been extensively studied in different cell lines

and conditions (6), and was found to be low in phagocytic cells (19). We therefore firstly

exposed cells for 24 h to an extracellular concentration of each formulation corresponding to

18 mg/L gentamicin (human Cmax after a conventional dose) (20). Macrophages

accumulated more antibiotic than monocytes (see figure S.2) and were therefore used for

kinetic experiments (figure 1).
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Figure S.2: Cellular accumulation of gentamicin in THP-1, A-THP-1 or J774 cells incubated during 24 h

with 18 mg/L gentamicin or the formulations containing the same antibiotic concentration. Data are

expressed as the mean and standard deviations of three independent determinations. Statistical

analysis: * = p < 0.05 or ** = p < 0.01 when compared with gentamicin (GEN); a = p < 0.05 when

compared with gentamicin-AOT (GEN-AOT); b = p < 0.05 when compared to gentamicin-AOT loaded

PLGA 502H nanoparticles (GEN-AOT 502H NP). Abbreviations: GEN= gentamicin, GEN-AOT=

gentamicin-AOT, PCA GEN-AOT = microstructured gentamicin-AOT, GEN-AOT 502H NP = gentamicin-

AOT loaded PLGA 502H nanoparticles, GEN-AOT 752H NP = gentamicin-AOT loaded PLGA 752H

nanoparticles.

Gentamicin accumulation proceeded in a slow and linear fashion (r2 = 0.99) (figure 1,

panel C) to reach an apparent cellular to extracellular concentration ratio of 1.5 at 24 h with

no appearance of a plateau (figure 1 panels A and B). This compares very well with the rate of

uptake of horseradish peroxydase, a fluid-phase endocytosis tracer, in J774 macrophages

(13) and is consistent with the mechanism of pinocytosis proposed to explain the slow

accumulation of gentamicin (16, 21). Non-encapsulated GEN-AOT also followed a linear

kinetics of accumulation. Yet its rate of uptake was 1.5 to 2-fold higher (figure 1, panel C).

This could be attributed to the lower charge of the ion pair, which would increase the

partition coefficient of gentamicin, as reported for cisplatin (22) and for antibiotics such as

ampicillin and erythromycin (23-25). The grossly linear kinetics of uptake of GEN-AOT could

fit with this model, but could also result from a slow endocytic process for which the plateau

of accumulation has not yet been reached, as is the case for gentamicin. Incorporation of GEN-

AOT into polymeric NPs further increased both antibiotic uptake rate and efficiency,

especially for NPs formulated with 752H, the more hydrophobic PLGA copolymer. It is known
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that uptake of particles by phagocytic cells is critically dependent on their physico-chemical

properties (26). For PLGA particles, it is inversely related to polymer hydrophilicity (27, 28).

GEN-AOT 752H NPs allowed gentamicin to accumulate >10-fold in both macrophage cell lines

(see figure 2 in supplemental material for accumulation factors of the different formulations

at 24h). This rate of uptake remains ~10-fold lower than that of the lipoglycopeptide

antibiotic oritavancin, which is thought to enter cells by adsorptive endocytosis (13),

suggesting that binding at the cell surface probably differs.

Figure 1: Accumulation kinetics of 18 mg/L of gentamicin (GEN), gentamicin-AOT (GEN-AOT) and its

microstructured (PCA GEN-AOT) and encapsulated forms (502H NP and 752H NP) in A-THP-1 cells (A)

and J774 cells (B) over 24 hours. Data are expressed as internalized drug μg/mg of cell protein. Lower 

panel (C) shows the rates of uptake of gentamicin and its formulations in A-THP-1 and J774 cells.

Calculations were made based on mathematical regressions of the data presented. All values are

expressed as accumulation factor per hour ((Cc/Ce)/h); see figure S.2 for accumulation factors at 24

h). a slope of the linear regression correlating gentamicin accumulation with time (0-24h time points);

b slope of the linear regression correlating gentamicin accumulation with time during the linear phase

of the uptake (0-3 h time points); c calculated from one phase exponential association (0-24h time

points).
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3.3. Subcellular distribution of gentamicin and gentamicin-AOT formulations

Cellular accumulation per se is not always predictive of antibiotic intracellular efficacy

notably because a sufficient amount of the drug also needs to reach the infected compartment

(29, 30). Figure 2 shows the subcellular distribution of the formulations together with those

of the marker enzymes cytochrome c oxidase (for mitochondria), N-acetyl-β-glucosaminidase 

(for lysosomes) and lactate dehydrogenase (for soluble proteins) in the control cells. No

differences were found in the subcellular distribution profile of the markers between non-

treated and treated J774 cells, indicating that the treatments did not affect the biophysical

properties and integrity of the studied organelles or the distribution of the soluble proteins

(data not shown).

Figure 2: Subcellular distribution of gentamicin (GEN), gentamicin-AOT (GEN-AOT), microstructured

gentamicin-AOT (PCA GEN-AOT) and gentamicin-AOT loaded PLGA nanoparticles (NP) in J774 cells

after 24 h incubation. The left panel shows the drug content in the different fractions expressed as

µg/mg of cell protein in the unfractionated homogenate. Total cellular accumulation of the drug,

expressed as the cellular-to-extracellular drug concentration (Cc/Ce), is indicated on the top of each

bar. The panel on the right shows the distribution of the marker enzymes lactate dehydrogenase

(LDH), N-acetyl-β-glucosaminidase (NABGase for lysosomes) and cytochrome c oxidase (CytOx for 

mitochondria) in non-treated J774 cells. Enzymes were assayed for each fractionation experiment but

as no substantial changes were found only one set of data is shown.
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As expected from its lysosomotropic nature, gentamicin showed a subcellular

distribution that was very close to that of N-acetyl-β-glucosaminidase, predominantly 

localized in the granular fraction (77% of cell-associated drug). This intracellular disposition

is not specific to macrophages as it is also reported in other non-phagocytic cell lines (31-34),

and is thought to be, together with the decreased activity of gentamicin at acidic pH, the

reason for its low efficacy against a number of intracellular bacteria (4, 35, 36). Interestingly,

ion pairing and encapsulation processes altered the distribution profile of gentamicin inside

the cells and allowed higher accumulation in their soluble fraction (containing the cytosol

and the soluble proteins). Thus, in cells incubated with GEN-AOT, 45% of cell-associated drug

was recovered in the soluble fraction, leading to a 25-fold increase in gentamicin

accumulation in this fraction. Again, this could be explained by the non-ionized character of

GEN-AOT, which could facilitate the translocation of the drug from the lysosomes to the

cytoplasm or its diffusion through the pericellular membrane. In cells incubated with PLGA

502H and 752H NPs, the accumulation of gentamicin was 2 to 3-fold higher in the organelles

and 74- to 124-fold higher in the soluble fraction than in cell exposed to free gentamicin. It

has been proposed that the acidic pH of lysosomes may cause an inversion of NP surface

charge, which may favour the interaction of NP with the lysosomal membrane and facilitate

their escape into the cytosol (37, 38).

3.4. Antibiotic susceptibility studies and effect of acidic pH

MIC and MBC values of gentamicin and its formulations are shown in table S.1. No

marked differences (one dilution above or below) were found between values measured for

gentamicin and the different formulations, confirming that AOT coupling and encapsulation

into polymeric NPs did not affect antibiotic potency or bactericidal character. It is noteworthy

that the intrinsic activity of all GEN-AOT formulations against S. aureus was less affected by

acidic pH than that of gentamicin itself (2-3 log2 dilutions increase between pH 7.4 and 5.0

instead of 5 dilutions; see figure S.3. The masking of the cationic amino groups of gentamicin

after ion pairing could prevent, at least partially, the protonation of the antibiotic at low pH,

and therefore result in a smaller loss of antibacterial activity.
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Table S.1: Minimal inhibitory (MIC) and bactericidal (MBC) concentrations (mg/L) of gentamicin

(GEN) and different gentamicin-AOT (GEN-AOT) formulations against various bacterial isolates.

aMSSA, methicillin-sensitive Staphylococcus aureus obtained from American Type Cell Collection

(Manassas, VA, USA). bMRSA, methicillin-resistant Staphylococcus aureus obtained from American Type

Cell Collection (Manassas, VA, USA). cObtained from American Type Cell Collection (Manassas, VA,

USA). dProvided by P. Berche (Hôpital Necker, Paris, France). eProvided by Dr I. García-Jalón

(Department of Microbiology, University of Navarra, Pamplona, Spain).

Figure S.3: Effect of pH on the minimal inhibitory concentrations (MIC) of gentamicin (GEN) and

gentamicin-AOT (GEN-AOT) treatments against Staphylococcus aureus strain ATCC 25923. Results are

expressed as the MIC in mg/L of antibiotic.

Antimicrobial

S. aureus
ATCC 25923
(MSSA)a

S. aureus
ATCC 33591
(MRSA)b

P. aeruginosa
PAO1 c

L. monocytogenes
EGD d

L. monocytogenes
56 e

MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC

GEN 0.25 1 2 4-8 0.5 2 0.5 1 1-2 4

GEN-AOT 0.125 0.5 1 2 0.25-0.5 1 0.25-0.5 0.5 1 2-4

PCA
GEN-AOT

0.125-0.25 0.5 1-2 2-4 0.25-0.5 1-2 0.25-0.5 0.5 1 2-4

GEN-AOT
502H NP

0.25 0.5 1 2 0.25-0.5 1 0.25-0.5 0.5 1 2-4

GEN-AOT
752H NP

0.25 0.5 1 2 0.25-0.5 1 0.25-0.5 0.5 1 2-4

502H NP >32 >32 >32 >32 >32 >32 >32 >32 >32 >32

752H NP >32 >32 >32 >32 >32 >32 >32 >32 >32 >32

AOT 32 >32 >32 >32 32 >32 32 >32 >32 >32
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3.5. Intracellular activity of the antibiotic against S. aureus and L.

monocytogenes

Because aminoglycosides are concentration-dependent antibiotics, the dramatic

increase in cellular concentration may contribute to improvement of their intracellular

activity, especially against cytosolic bacteria. We therefore examined the activity of

gentamicin and its formulations using for comparison S. aureus (phagolysosomal) and L.

monocytogenes (cytosolic). In a first experiment, intracellular activity was evaluated at fixed

extracellular concentration (18 mg/L) and incubation time (12 h for L. monocytogenes and 24

h for S. aureus). These conditions made it possible to achieve a similar intracellular

proliferation in both cases (~1.5 log10 unit increase in CFU/mg of protein) and, therefore, to

compare activity towards similar inocula (figure 3, left-hand panels). In these conditions, all

formulations yielded similar intracellular reductions of S. aureus infection (1.1-1.45 log10 unit

reduction). This corresponds to the maximal effect that can be achieved in cells exposed to

gentamicin extracellular concentrations > 10 mg/L (50 x MIC) (39), so that a further increase

in its intracellular concentration does not add much to the intracellular effect. In contrast,

GEN-AOT treatments improved gentamicin intracellular activity against L. monocytogenes.

GEN-AOT and PCA GEN-AOT significantly decreased intracellular bacterial growth compared

with control cells and cells incubated with gentamicin alone. GEN-AOT 502H NPs allowed to

reach a static effect, and GEN-AOT 752H NPs caused a slight decrease in intracellular

inoculum. These data nicely correlate with the commensurate increase in gentamicin

concentration observed in the soluble fraction of cells incubated with these formulations.

In the next experiment, we followed activity over time and upon incubation with

increasing concentrations of either free gentamicin or GEN-AOT 752H NPs. Against

intracellular S. aureus, gentamicin was bacteriostatic at 2 x MIC and reached its maximal

effect at 24 h at 10 x MIC. In contrast, a significant decrease in intracellular inoculum was

observed when cells were incubated for 12 h with NPs. Against L. monocytogenes, gentamicin

was inactive whatever the time of incubation or the concentration used. In contrast, NPs

markedly reduced intracellular growth at an extracellular concentration of 10 x MIC. These

data confirm the time- and concentration-dependent character of gentamicin activity (5, 39,

40). They also suggest that NPs can improve the activity of gentamicin not only against L.

monocytogenes, but also against S. aureus, allowing it to control intracellular growth at lower

concentrations and for shorter incubation times.
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Figure 3: Activity of gentamicin and its different formulations against intracellular S. aureus ATCC

25923 (top) and intracellular L. monocytogenes strain 56 (bottom). Activity is expressed as the change

in the number of cfu per mg of cell protein from the initial inoculum. Data are mean and standard

deviation of at least four independent determinations. Left-hand panel: infected cells were exposed to

a fixed concentration of 18 mg/L gentamicin during 24 h (S. aureus) or 12 h (L. monocytogenes).

Statistical analysis: *p < 0.05, **p < 0.01 when compared with the untreated control; a =p < 0.05, b = p <

0.01 when compared with GEN; c = p < 0.01 when compared to GEN-AOT. Middle panels: infected

cells were exposed to increasing extracellular concentrations of free gentamicin or of GEN-AOT 752H

NP for 12 or 24 h. Statistical analysis: *p < 0.05 for gentamicin-AOT PLGA 752H nanoparticles when

compared with gentamicin under the same concentration and exposure time conditions. Right-hand

panels: correlation between the activity of gentamicin and its different formulations at 24 h and the

concentration of gentamicin reached in the infected compartment. Concentrations are expressed as the

ratio to the concentration reached in cells incubated with gentamicin in the granule fraction (MLP

fraction) for S. aureus and in the soluble fraction (S fraction) for L. monocytogenes, as calculated from

the data presented in figure 2 [log scale; 0 corresponds to the subcellular concentration of gentamicin

after 24 h incubation with 18 mg/L of the free drug (highlighted by the arrow)]. The horizontal broken

line shows a static effect; the vertical broken line shows the subcellular concentration needed to reach

this static effect. The data were fitted to sigmoidal regressions: r2 =0.87 for S. aureus and r2 =0.97 for L.

monocytogenes.
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The right-hand panels of figure 3 illustrate the correlation between the intracellular

activity and the relative concentration of gentamicin in the infected subcellular fraction after

24 h of incubation with the different formulations. To better evidence the capacity of

formulations to increase antibiotic concentration and activity, subcellular concentrations

were expressed as the ratio to the value measured in cells incubated with 18 mg/L free

gentamicin. Against both bacteria, the data fitted a sigmoidal regression, allowing us to

calculate the intracellular static concentration, i.e. the gentamicin concentration in the

infected fraction needed to prevent bacterial growth. Against S. aureus, the figure shows that

most of the concentration effect takes place for lysosomal gentamicin concentrations that are

100- to10-fold lower than are obtained in cells incubated with 18 mg/L free gentamicin, with

the static effect obtained for cells incubated with 1 mg/L. If it is considered that lysosomes

may represent ~2 % of cell volume, and using accumulation data from figure 2, this would

correspond to a drug concentration in these organelles of ~50 mg/L (12 x MIC at pH 5.4)1.

Against L. monocytogenes, the effect of concentration is manifest in the range of cytosolic

concentrations obtained upon incubation with NPs at increasing concentrations, while free

gentamicin is clearly suboptimal in the range of concentrations tested. Accordingly, a static

effect is observed for a cytosolic concentration that is 6-fold higher that which can be

obtained upon incubation with gentamicin at its Cmax. If it is considered that the cytosol

represents ~70 % of the cell volume, this means that a concentration of 18 mg/L (18 x MIC at

pH 7.4) is needed to prevent Listeria growth. These data therefore suggest that the

intracellular medium defeats the activity of gentamicin and/or that bacterial responsiveness

is reduced in the intracellular environment, making gentamicin 10-fold less potent than it is

extracellularly. By increasing the gentamicin concentration, NPs compensate for this loss of

potency.

1 Calculated as gentamicin concentration in the considered fraction (in µg/mg prot) x (cell volume in mL/mg

prot)-1 x percentage of cell volume represented by the considered fraction x Cs (as a ratio to the concentration of

gentamicin in the considered fraction for cells incubated with 18 mg/L), with cell volume estimated to 0.005

mL/mg of protein, the gentamicin concentration in the considered fraction obtained from data in Figure 2, the

percentage of cell volume estimated to be 2 % for lysosomes and 70 % for cytosol, and Cs interpolated from the

sigmoidal regression presented in the right-hand panels of Figure 3 (highlighted by the vertical broken lines)



CHAPTER 2

105

4. CONCLUSIONS

Although this study was not designed to evaluate the therapeutic potential of new

formulations of gentamicin, the results presented here indicate that GEN-AOT and its

polymeric nanocarriers, especially GEN-AOT 752H NPs, allow gentamicin to accumulate to

higher levels inside the cells and to distribute in both lysosomal and cytosolic compartments,

which results in an improved intracellular activity against intracellular bacteria thriving in

the cytosol, such as Listeria monocytogenes and those thriving in the lysosomes, as S. aureus.

These NPs may therefore make it possible to reduce both the required dose and the

administration frequency of gentamicin, with potential subsequent reduction of its toxicity.
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ABSTRACT

The clinical management of human brucellosis is still challenging. The treatment of

this infection demands in vitro active antibiotics capable of targeting the pathogen-harboring

intracellular compartments. A sustained release of the antibiotic at the site of infection would

make it possible to reduce the number of required doses and thus the treatment-associated

toxicity. In this study, a hydrophobically modified gentamicin, gentamicin-AOT, was either

microstructured or encapsulated in poly(lactic-co-glycolic acid) (PLGA) nanoparticles. The

efficacy of the formulations developed was studied both in vitro and in vivo. Gentamicin

formulations reduced Brucella infection in experimentally infected THP-1 monocytes (above

2 log10 unit reduction) when using clinically relevant concentrations (18 mg/L). Moreover, in

vivo studies demonstrated that while no free gentamicin was detected either in the liver or in

the spleen, gentamicin-AOT loaded nanoparticles efficiently targeted the drug at both tissues

and maintained a therapeutic antibiotic concentration for up to 4 days in both organs. This

resulted in an improved efficacy of the antibiotic in experimentally infected mice. Thus, while

14 doses of free gentamicin did not alter the course of the infection, only 4 doses of

gentamicin-AOT loaded nanoparticles were able to reduce the rate of infection by 3.23 logs

and cured 50% of the infected mice with no evidence of adverse toxic effects. On the other

hand, after 14 doses, the classical combined therapy of gentamicin plus doxycycline was

associated with toxicity events and with a rapid reemergence of the infection. These results

strongly suggest that PLGA nanoparticle containing chemically modified hydrophobic

gentamicin may be a promising alternative for the treatment of human brucellosis.
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1. INTRODUCTION

Brucellosis remains one of the world’s most widespread zoonoses (1). It is an

infectious disease caused by bacteria of the genus Brucella, a facultative intracellular

pathogen localized predominantly in cells and organs of the mononuclear phagocytic system,

such as the macrophages of the liver and the spleen. The chronicity of the infection results

from the ability of the pathogen to survive within the phagocytic cells, which fail to eliminate

the microorganism and which act as a reservoir of the bacteria. Although it is a reportable

disease, it is estimated that cases of human brucellosis are underdiagnosed and

underreported and that the disease continues to be a major human health hazard. The

disease is also recognized as one of the most common laboratory-acquired infections (2, 3)

and due to its possible airborne transmission and its low infective dose it is considered a

potential bioweapon for bioterrorism (4). Human brucellosis is usually manifested as a

febrile ilness which may persist and progress to a chronically incapacitating disease with

severe complications, representing an important cause of morbidity worldwide.

Concomitant with its pathogenicity, the clinical management of human brucellosis is

also a difficult task that requires a combination of antibiotics for long periods of time.

Guidelines of the World Health Organization recommend doxycycline with rifampicin for six

weeks (5), but later recommendations also propose the use of doxycycline for six weeks with

the aminoglucosides streptomycin for two-three weeks or gentamicin for one week (6). Long-

term compliance with the recommended regimens is often a problem and relapse rates of 5-

10% are not uncommon (7). The intracellular location of the pathogen inside the phagocytic

cells also plays a role in the therapeutic failure, since many in vitro active antibiotics do not

efficiently reach Brucella-infected cells, lose their antimicrobial activity in the intracellular

environment or do not persist enough time to produce a therapeutic effect.

Nanotechnology has emerged as a promising approach for the treatment of

intracellular infections by providing intracellular targeting and sustained release of the

vehiculized drugs inside the infected cells (8, 9). These properties of drug delivery systems

(DDS) may lead to an improvement in drug cellular accumulation and a reduction of the

dosing frequency which, in turn, will improve patient compliance and the efficacy of the

antimicrobial therapy. The aminoglycoside gentamicin is a bactericidal antibiotic with a great

in vitro activity against clinical isolates of Brucella, which has already been encapsulated into

particulated systems for the treatment of experimental brucellosis with promising results
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(10, 11). However, the low encapsulation efficiency obtained limited the dose of particles that

could be administered in vivo. We have recently reported that the hydrophobic ion pairing of

gentamicin with the anionic surfactant AOT successfully improves the antibiotic payload in

carriers without affecting its bioactivity (12).

The aim of this work was to study the efficacy of gentamicin-AOT (GEN-AOT) loaded

poly(lactic-co-glycolic acid) (PLGA) nanoparticles in both human macrophages and mice

experimentally infected with B. melitensis. Moreover, the in vivo pharmacokinetics and

toxicity of the formulations were also studied. The results demonstrated that the modification

and encapsulation of gentamicin successfully improved its efficacy against brucellosis and

reduced the associated toxicological profile.

2. MATERIALS AND METHODS

2.1. Materials

Gentamicin sulphate, doxycycline and phorbol 12-myristate 13-acetate (PMA) were

purchased from Sigma-Aldrich (St. Louis, MO, USA) and bis(2-ethylhexyl) sulfosuccinate

sodium salt (AOT) from Sigma (Tres Cantos, Spain). PLGA 502H (Resomer® RG 502H, PLGA

50:50, 13.7 kDa) and 752H (Resomer® RG 752H, PLGA 75:25, 17 kDa) were supplied by

Boehringer Ingelheim (Ingelheim, Germany). For bacterial growth, trypticase soy broth (TSB)

was purchased from bioMérieux (Marcy l’Étoile, France), antibiotic medium 11 from DifcoTM

(Becton Dickinson, Franklin Lakes, NJ, USA) and American bacteriological agar from

Pronadisa (Madrid, Spain). Reagents for cell culture were obtained from Invitrogen Inc.

(Carlsbad, CA, USA) and other reageants were from Sigma-Aldrich (St. Louis, MO, USA) or

Merck (Madrid, Spain).

2.2. Preparation and characterization of microstructured gentamicin-AOT and

gentamicin-AOT nanoparticles

The modified gentamicin, gentamicin-AOT (GEN-AOT) was prepared by the

hydrophobic ion pairing (HIP) of gentamicin with the anionic sufactant AOT, as previously

described (13). The obtained gentamicin-AOT complex was then either microstructured (PCA

GEN-AOT) by a compressed fluid based technology called Precipitation with a Compressed

Antisolvent (PCA) (12) or encapsulated into poly(lactic-co-glycolic) acid (PLGA)

nanoparticles by an oil-in-water single emulsion formation solvent evaporation method,
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using a nominal drug loading of 20 mg per formulation, as previously reported (12). Briefly,

GEN-AOT (20 mg) and the polymer (200 mg of PLGA 502H or PLGA 752H) were dissolved in

1 mL of ethyl acetate and mixed by ultrasonication with 2 mL of a 0.5% (w/v) PVA aqueous

solution for 1 minute (15 W, Branson sonifier 450, Branson Ultrasonics Corp., Danbury, CT,

USA). The resulting emulsion was poured into a 50 mL solution of 0.2% (w/v) PVA and

stirred for 3 h to allow solvent evaporation and nanoparticle formation. Particles were

collected and washed with ultrapure water by three successive centrifugations at 21,000 x g

during 10 min (Sigma Laboratory Centrifuges, 3K30, Osterode am Harz, Germany).

Nanoparticles were lyophilized with 5% (w/v) of mannitol and characterized in terms of size,

zeta potential and encapsulation efficiency (12).

2.3. Cell culture and cellular differentiation

Human myelomonocytic cell line THP-1 (ATCC TIB-202; American Type Cell

Collection, Manassas, VA, USA) displaying macrophage-like activity (14), was cultured in

RPMI 1640 medium containing 2 mM of L-glutamine and supplemented with 1 mM of sodium

pyruvate, 0.5 μM of 2-mercaptoethanol and 10% (v/v) of heat-inactivated foetal bovine 

serum (complete RPMI medium). Cells were grown in suspension at 37 °C in a humidified 5%

CO2 atmosphere and passaged twice a week at a density of 2 x 105 cells/mL. For experiments,

THP-1 cells were seeded at a density of 2 x 105 cells/well in 24-well cell culture plates and

differentiated into adherent macrophage-like cells with 75 ng/mL of phorbol 12-myristate

13-acetate (PMA) in complete RPMI medium for 48 h.

2.4. Bacterial strain and culture conditions

Brucella melitensis 16M (ATCC 23456, biotype 1) smooth virulent strain was used for

the different studies. Experiments were performed with fresh bacteria previously incubated

on trypticase soy agar (TSA) plates at 37 °C. Isolated colonies were transferred into 10 mL of

TSB and incubated under shaking for 20 h at 37 °C to let bacteria reach the exponential

growth phase. For experimental infections, bacteria were spectrophotometrically adjusted to

an optical density of 0.125 at 600 nm (approximately 1x108 CFU/mL) and further diluted to

the desired concentration.

2.5. Macrophage infection with Brucella melitensis

THP-1 macrophages were infected with B. melitensis at a bacteria to macrophage ratio

of 100 for 5 h at 37 °C with 5% CO2. Cells were then washed with phosphate buffered saline to
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remove the extracellular bacteria and incubated in complete RPMI medium. At 48 h post

infection macrophages were washed with PBS and treated with the different gentamicin

formulations at a 1 mg/L (2 times the minimal inhibitory concentration (MIC) of gentamicin

against the tested strain (12)) or 18 mg/L of gentamicin (peak serum concentration in

humans during conventional gentamicin treatment, Cmax (16)). Control cells were incubated

with 0.25 mg/L of gentamicin (0.5 x MIC) to prevent the extracellular bacterial growth.

After 24 h of incubation with the antibiotic treatments, cells were carefully washed

with PBS and lysed. The remaining extracellular colony forming units (CFU) in the last

washing and the total CFU of Brucella in the lysates were determined by plating alicuots on

TSA plates. The number of intracellular bacteria was calculated after incubating the plates at

37 °C by subtracting the extracellular CFU counts from the total CFU counts of each well.

Results of CFU counts were log-transformed and expressed as the mean and standard

deviation.

2.6. In vivo Studies

2.6.1. Animals

Female BALB/c mice (weight 20 g) were supplied by Harlan Interfauna Ibérica

(Barcelona, Spain). Following acclimatization, mice were randomized into different groups

and kept in cages with a 12 hours light-dark photocycle and water and food ad libitum. The

experimental protocols were revised and approved by the animal experimentation ethics

committee of the University of Navarra (protocol numbers 083-11 and 084-11).

2.6.2. Tissue pharmacokinetics study

Animals received a single intraperitoneal dose of one of the different gentamicin

formulations, equivalent to 5 mg/kg of gentamicin, in sterile 0.9 % saline. After 4 h, 8 h, 24 h,

48 h, 4 days or 7 days animals were sacrificed by cervical dislocation and their liver, spleen

and kidneys were collected. Organs were then weighted, homogenized in 1 mL of sterile

water (Mini-bead Beater, BioSpect Products, Inc., Bartelsville, OK, USA) and centrifuged

(10,000 x g, 10 min, 4 °C). Tissue supernatants were collected and stored at -80 °C until

analysis. Prior to analysis, tissue samples were further processed for protein precipitation by

the addition of a 10% trichloroacetic acid solution (1:10 v/v). Samples were then vortexed

for 1 min and after centrifugation (10,000 × g, 10 min, 4 °C) protein free supernatant was

collected.
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Gentamicin content of the samples was analysed by a microbiological assay using

Bacillus subtilis ATCC 6633 as test organism. Fifty μl of the tissue samples were added into 6 

mm diameter wells made in the inoculated antibiotic medium 11 agar and zones of inhibition

were measured after incubation for 12 h at 4 °C and 24 h at 37 °C. In parallel, standard curves

of gentamicin and GEN-AOT in control plasma and tissue homogenates were prepared using

the same conditions.

Pharmacokinetic parameters were calculated by noncompartmental methods. All

calculations were carried out using WinNonlin Professional Version 2.1 (Scientific Consulting,

Inc., Mountain View, CA, USA). The area under the curve for the time of administration to the

last measured concentration (AUC0–t) was calculated by trapezoidal integration. Maximal

plasma and tissue concentration (Cmax) and the time to attain peak (Tmax) were obtained

directly from the raw data.

2.6.3. Toxicity studies

For this study, mice were divided into six groups that received for 14 days (i) a 0.9%

saline solution, (ii) gentamicin, (iii) a combination of gentamicin and doxycycline, (iv) PCA

GEN-AOT, (v) GEN-AOT loaded PLGA 752H nanoparticless, (vi) non loaded PLGA 752H

nanoparticles. Saline solution (100 μL/mice) was administered daily intraperitoneally, 

doxycycline (200 μg/mice, 10 mg/kg) was administered daily by oral gavage, gentamicin 

(100 μg/mice, 5 mg/kg) and PCA GEN-AOT (360 μg/mice, equivalent to 100 μg of 

gentamicin/mice) were administered daily intraperitoneally and nanoparticles (4 mg/mice

approximately, containing the equivalent to 100 μg of gentamicin/mice) were administered 

intraperitoneally every 4 days. At the end of treatment, overnight fasted animals were

sacrificed and blood and tissue samples were collected. Hematological, biochemical and

histological parameters were studied.

Blood samples were analysed for routine hematological parameters – RBC (x106

cells/μL), WBC (x106 cells/μL), haemoglobin (g/dL), hematocrit (%), MCV (fL), MCHC (pg) 

and platelets (x103 cells/μL). Hemogram was investigated using a Roche Hematology 

Analyzer (Sysmex XT1800i). Biochemical parameters were investigated in serum sample –

total bilirrubin (mg/dL), creatinine (mg/dL) and urea (mg/dL) levels were studied by Roche

semi auto analyzer (Hitachi 911) by using Roche analytical Kits.

The organs – liver, kidneys, spleen and lungs – were removed, weighed and preserved

in 10% formalin for histological studies.
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2.6.4. Experimental infection of the mice with Brucella melitensis

Animals were housed in microisolator cages and handled under sterile conditions in

biohazard level 3 facilities. Mice were infected with 105 CFU of B. melitensis 16 M in 0.1 mL of

0.9 % saline solution. At day 14 after infection a group of mice was sacrificed and their

spleens were aseptically removed for viable bacteria count. This group of mice was used as a

control of baseline infection. Of the other groups of mice, one group was kept untreated and

the others received (i) free gentamicin, (ii) a combination of free gentamicin and doxycycline,

(iii) PCA GEN-AOT, (iv) GEN-AOT loaded PLGA 752H nanoparticles, (v) non loaded PLGA

752H nanoparticles. The doses were the same as those described in the toxicity studies. One

and 3 weeks after the last antibiotic dose (corresponding to days 35 and 49 post-infection)

animals were sacrificed and their spleens were aseptically collected. Organs were

homogenized with 1 mL of 0.9% sterile saline solution and centrifuged for 10 min at 10,000 x

g. The efficacy of the treatments was determined by counting the number of CFU per spleen,

as described in section 2.5.

2.7. Statistical analysis

Data analysis and graphical presentations were done using GraphPad Prism version

5.00 for Windows (GraphPad Software, San Diego, CA, USA). Comparison between groups was

performed by Mann-Whitney U-test. Statistical significance levels were defined as * p < 0.05,

** p < 0.01 and *** p < 0.001.

3. RESULTS

3.1. PCA gentamicin-AOT and gentamicin-AOT nanoparticles

PCA-processed GEN-AOT was obtained as white powdered solid formed by micron-

sized particles with a mean diameter of 1 μm and a zeta potential of around -1 mV. On the 

other hand, GEN-AOT loaded PLGA 502H and PLGA 752H nanoparticles presented mean

diameters of 289 ± 15 nm and 299 ± 23 nm, with a polydispersion index of 0.10 ± 0.07 and

0.08 ± 0.09 and a zeta potential of -3.7 ± 0.4 mV and -3.6 ± 0.7 mV, respectively.

Encapsulation efficiencies of 100% were obtained for both types of formulations with drug

loadings of 23.8 ± 0.5 and 24.1 ± 0.6 μg of gentamicin/mg of nanoparticle for PLGA 502H and 

PLGA 752H nanoparticles, respectively.
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3.2. Efficacy of gentamicin formulations against Brucella melitensis-infected

macrophages

Under the experimental conditions, the reduction in the intracellular Brucella

obtained by GEN-AOT formulations was studied after the treatment of the cells with an

equivalent dose of 1 mg/L or 18 mg/L of gentamicin for 24 h and compared to that obtained

with free gentamicin. As shown in figure 1, regardless of the concentration used free

gentamicin did not reduce bacterial growth. The same results were obtained for non-loaded

PLGA nanoparticles. In contrast, all GEN-AOT treatments significantly reduced the

intracellular infection (p < 0.01) as compared to the control cells (1.23-1.41 log10 unit

reduction). On the other hand, although no statistically significant differences were found

between the different GEN-AOT formulations at 1 mg/L, treatment with 18 mg/L of GEN-AOT

752H nanoparticles was significantly more effective (p < 0.05) than the other gentamicin

treatments, achieving a 2.35 log10 unit reduction of the intracellular Brucella. Therefore, GEN-

AOT 752H nanoparticles were selected for in vivo studies. For comparison, the non

encapsulated form PCA GEN-AOT was preferred over GEN-AOT because of its more

favourable physico-chemical properties, as PCA GEN-AOT could be prepared as a suspension

in aqueous media after ultrasonication.

Figure 1: Efficacy of 1 mg/L (horizontal lines) or 18 mg/L (diagonal lines) of gentamicin in the

different formulations against intracellular Brucella melitensis infection in THP-1 human macrophages.

Results are expressed as log10 of intracellular CFU per well and represented as the mean value ± S.D. of

at least three independent assays made in triplicate. Dotted line indicates the intracellular Brucella

inoculum at the beginning of the treatment. Statistical analysis: ** p < 0.01 compared to the control

cells; a = p < 0.05 and b = p < 0.01 compared to gentamicin-treated cells; c = p < 0.05 compared to cells

treated with gentamicin-AOT, microstructured gentamicin-AOT or gentamicin-AOT PLGA 502H

nanoparticles. Mann Whitney U test. Abbreviations: GEN= gentamicin, GEN-AOT= gentamicin-AOT,

PCA GEN-AOT = microstructured gentamicin-AOT, GEN-AOT 502H NP = gentamicin-AOT loaded PLGA

502H nanoparticles, GEN-AOT 752H NP = gentamicin-AOT loaded PLGA 752H nanoparticles, 502H NP

= PLGA 502H nanoparticles, 752H NP = PLGA 752H nanoparticles.
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3.3. Pharmacokinetics study

Pharmacokinetics studies were performed after a single intraperitoneal

administration of 5 mg/kg of gentamicin, PCA GEN-AOT or GEN-AOT loaded nanoparticles.

The concentrations of the antibiotic in the liver and spleen (target organs of Brucella) and

kidney (since gentamicin is nephrotoxic) were determined. After the administration of free

gentamicin no antibiotic was detected either in the spleen or in the liver (limit of detection

0.125 μg/g and 0. 25 μg/g, respectively) (figures 2A and B). In contrast, a high accumulation 

of gentamicin was detected in the kidneys, with measurable gentamicin concentrations for at

least one week after the administration of the dose (figure 2C).

A B

C

A B

C

Figure 2: Pharmacokinetics profile. Gentamicin concentrations (mean ± standard deviation, n = 6) in

tne spleen (A), liver (B) and kidneys (C) after the administration of a single intraperitoneal dose of

gentamicin (GEN), microstructured gentamicin-AOT (PCA GEN-AOT) or gentamicin-AOT loaded PLGA

752H nanoparticles (GEN-AOT 752H NP) equivalent to 5 mg/kg of gentamicin.

The AOT-coupling and encapsulation markedly altered the distribution of the

antibiotic, reducing its accumulation in the kidneys and increasing it in both the liver and the

spleen. Cmax and AUC values were decreased in kidneys by 3.5-fold after PCA GEN-AOT

administration with respect to the non modified free gentamicin (table 1), whereas relevant
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concentrations were measured in liver and spleen up to 7 days. PCA GEN-AOT presented

similar AUC values in the liver and the spleen, indicating that the drug distributed equally to

both tissues. However, the Cmax values achieved in the liver and the spleen with the

administered dose were below the MIC against Brucella melitensis (1 mg/L). As Brucella

infection is localized in those tissues, a daily administration schedule was established for PCA

GEN-AOT therapy.

Encapsulation of GEN-AOT further enhanced the antibiotic tissue accumulation,

specially in the spleen. Nanoparticles increased GEN-AOT’s AUC values by 10.7 and 2-fold in

the spleen and the liver, respectively and Cmax by 24.4 and 4.7-fold. Moreover, antibiotic

concetrations above the MIC were maintained in both organs for up to 4 days and thus, a

therapeutic schedule of one dose every 4 days was selected for the efficacy evaluation of the

formulations against mice experimentally infected with Brucella melitensis.

Table 1: Mean pharmacokinetics parameters of gentamicin and gentamicin-AOT treatments in mice

tissues after a single intraperitoneal antibiotic administration.

Tissue Treatment Cmax (μg/g) Tmax (h) AUC (h* μg/g)

Spleen GEN n.d. n.d. n.d.

PCA GEN-AOT 1.12 8 47.04

GEN-AOT 752H NP 27.32 8 504.24

Liver GEN n.d. n.d. n.d.

PCA GEN-AOT 0.48 48 34.80

GEN-AOT 752H NP 2.25 8 73.92

Kidney GEN 30.76 4 1407.12

PCA GEN-AOT 8.87 8 403.44

GEN-AOT 752H NP 23.60 8 1297.92

Abbreviations: GEN = gentamicin, PCA GEN-AOT = microstructured gentamicin-AOT, GEN-AOT 752H

NP = gentamicin-AOT loaded PLGA 752H nanoparticles, n.d. = not detectable.

3.4. Toxicity of the formulations in healthy mice

In all the treated groups, there was no significant alteration observed in

hematological and biochemical parameters as compared to the saline control group,

whatever the parameters measured (data not shown).

The organ’s weights were normal and no significant differences were observed among

the different groups. Histological analysis of the liver, the spleen and the lungs revealed no

treatment-related alterations. However, kidney examination revealed significant differences

among the different groups. In the group treated with gentamicin plus doxycycline all animals

presented small foci of tubulonephrosis and one animal showed focal necrosis (figure 3B).
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Moreover, the mice treated with free gentamicin presented a slight tubular lipidosis (figure

3A). However, no alterations were found in mice treated with PCA GEN-AOT or GEN-AOT

loaded PLGA 752H nanoparticles (figures 3C and 3D).

Figure 3: Kidney section obtained after administration of gentamicin (A), a gentamicin and

doxycycline combination (B), PCA gentamicin-AOT (C) or gentamicin-AOT PLGA 752H nanoparticles

(D) during 14 days (H&E, x400). The kidney showed cytoplasmic vacuolation of the tubular cells

(arrows) (A), degeneration and focal tubular necrosis with cellular debris in the lumen of the renal

tubules (arrows) (B) or no histopathological changes, with normal structure for the glomerulus and

renal tubules (C and D).

3.5. Efficacy of the formulations against Brucella melitensis-infected mice

The efficacy of PCA GEN-AOT and GEN-AOT nanoparticles was studied in B. melitensis-

infected mice and compared to that of free gentamicin or the combination of gentamicin plus

doxycycline. The administered Brucella inoculum produced a baseline splenic infection of

4.91 log10 units and after the two-week treatment regimen the evolution of the splenic

infection was monitored. The results are summarized in table 2.

A B

C D
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Table 2: Antibacterial efficacy of the different gentamicin formulations in Brucella melitensis 16M-

infected BALB/c mice.

a statistical analysis: * p < 0.05 and ** p < 0.01 compared to the untreated group at the same time of

sacrifice. c = p < 0.05 and d = p < 0.01 compared to the untreated group 2 weeks post-infection

(baseline infection). Mann-Whitney U test. b less than 10 CFU/spleen (limit of detection).

Abbreviations: CFU, colony forming units; GEN, gentamicin; DOX, doxycycline; PCA GEN-AOT,

microstructured gentamicin-AOT, GEN-AOT 752H NP, gentamicin-AOT loaded PLGA 752H

nanoparticles; 752H NP, PLGA 752H nanoparticles.

In comparison with the non-treated group, no significant (p > 0.05) reduction of the

infection was obtained in the groups of mice receiving free gentamicin and non-loaded

nanoparticles. On the other hand, treatment with PCA GEN-AOT, GEN-AOT nanoparticles and

gentamicin plus doxycycline resulted in a significant reduction of the bacterial load in the

spleen. One week after the end of the treatment the combination of gentamicin and

doxycycline achieved a 5.2 log10 unit reduction and cured 80% of the infected mice (less than

10 CFU/spleen). However, thereafter, the infection reemerged and a therapeutic failure of

83% was observed at the third week after treatment. Conversely, GEN-AOT nanoparticles

exerted their action more progresively and showed improved therapeutic activity during the

time of the study. Thus, after 3 weeks post-treatment with the nanoparticles a 3.23 log10 unit

reduction and a 50% cure rate was obtained, which is much higher than the 17% cure rate

obtained with the combined therapy. Finally, treatment with PCA GEN-AOT produced a 0.69

and 1.03 log10 unit reduction 1 and 3 weeks after the treatment.

4. DISCUSSION

Standard therapy for human brucellosis is based on six-week administration of a

combination of doxycycline with rifampicin or an aminoglycoside, such as streptomycin or

gentamicin, which often leads to poor patient compliance, frequent relapses and serious side

1 week post-treatment 3 weeks post-treatment

Treatment
Log CFU/Spleen

(mean ± SD)

Reductiona

(log)

curedb

/total mice

Log CFU/Spleen

(mean ± SD)

Reductiona

(log)

curedb

/total mice

Untreated 5.54 ± 0.50 - 0/5 5.18 ± 0.46 - 0/5

GEN+DOX 0.37 ± 0.83 5.17 **, d 4/5 2.07 ± 1.37 3.10 **, d 1/6

GEN 5.10 ± 0.25 0.44 0/6 5.08 ± 1.19 0.09 0/6

PCA GEN-AOT 4.85 ± 0.10 0.69 ** 0/6 4.15 ± 0.80 1.03 **, c 0/6

GEN-AOT 752H NP 3.69 ± 1.86 1.85 ** 1/6 1.95 ± 2.13 3.23 **, d 3/6

752H NP 5.49 ± 0.30 0.05 0/6 5.15 ± 0.18 0.03 0/6
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effects (17). The doxycycline plus rifampicin regimen has the advantage of being a completely

oral regimen, unlike aminoglycoside-containing regimens that require intramuscular

administration. However, treatments including rifampicin have been shown not to be as

effective as the regimens that include an aminoglycoside, and present higher relapse rates

(18-21). On the other hand, although monotherapy could prevent at least some of the side

effects and improve compliance with treatment, it has been associated with therapeutic

failure and high relapse rates (22-24). As a consequence, there is a recognized need to

improve the current treatment of human brucellosis. Appropiate antibiotics should achieve

therapeutic concentrations at the sites of infection while maintaining their activity. We have

previously reported that hydrophobic modification and nanoencapsulation of gentamicin

enhance its cellular accumulation and improve its efficacy against intracellular bacteria such

as Staphylococcus aureus and Listeria monocytogenes (25). Therefore, encouraged by previous

results with gentamicin loaded microparticles in vivo (10), we evaluated the suitability of a

monotherapy with hydrophobic gentamicin-loaded PLGA nanoparticles.

Intracellular activity studies were carried out in human macrophages, being the target

cells of human brucellosis, using two different concentrations: 1 and 18 mg/L, corresponding

to 2 times the MIC of gentamicin against the tested B. melitensis strain and the Cmax of

gentamicin in human serum, respectively. Regardless of the concentration used, free

gentamicin was not able to reduce the intracellular Brucella infection. This lack of efficacy

was attributted to the low gentamicin accumulation inside the cells and the major

distribution of the drug into the lysosomes that impedes the final encounter between bacteria

and drug (25). Studies examining the intracellular fate of Brucella in phagocytic cells indicate

that the Brucella organisms reside in acidified phagosomes that fuse with components of the

early endosomal pathway but not with the lysosomes (26). It has also been suggested that

these replicative phagosomes arise through continual interactions with the endoplasmic

reticulum (27). Hydrophobic modification and encapsulation of gentamicin significantly

enhanced the intracellular killing of Brucella, reducing the intracellular infection bellow the

control baseline infection. Such a finding was attributed to the higher cellular accumulation

achieved by GEN-AOT formulations, particularly by GEN-AOT 752H nanoparticles, which may

enable the antibiotic to reach the pathogen-harboring compartments at therapeutically

relevant concentrations (25). In addition, it has been demonstrated with gentamicin PLGA

formulations that particle uptake stimulates the oxidative burst of macrophages, which may

also account for the better efficacy of the encapsulated GEN-AOT in comparison to the free

form (28, 29).
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On the other hand, after its entrance in the host, Brucella cells are taken up by the

local tissue lymphocytes and transferred into the general circulation, whence they are

disseminated throughout the body, with special tropism for the cells and organs of the

mononuclear phagocytic system, such as the macrophages of the liver and the spleen (30). In

sharp contrast, most gentamicin injected into the body is eliminated by renal clearance

without being metabolized, and the rest of the dose accumulates mainly in the renal cortex,

leading to the well-known nephrotoxicity of aminoglycosides (31). Consistently with these

observations, after the administration of 5 mg/kg of free gentamicin no antibiotic was

detected in the liver or the spleens of the mice. In contrast, a high drug accumulation was

observed in the kidneys (30 μg/g).  

Both conjugation of gentamicin with AOT and its encapsulation manage to increase

the gentamicin concentration level in the liver and more pronouncedly in the spleen, while

decreasing antibiotic accumulation in kidneys. Aminoglycosides present a concentration-

dependent antimicrobial activity and thus require elevated peak levels to reach the

pharmacodynamic objectives. The plasma Cmax to MIC ratio has been shown to be a good

predictor of aminoglycoside therapeutic efficacy, and it is generally acepted that optimum

bactericidal activity is achieved when the peak concentration is approximately 10 times the

MIC (32, 33). Taking into account the in vivo distribution of the bacteria, special attention was

paid to the ratio Cmax/MIC in the liver and the spleen.

As previously observed in cell culture models (25) nanoparticles yielded larger

antibiotic levels in all the studied tissues, which was translated into higher Cmax and AUC

values when compared to PCA GEN-AOT. At equivalent drug doses, nanoparticles achieved a

Cmax to MIC ratio of 9 and 109 in the liver and the spleen, respectively, while these ratios

were below 1.5 in both tissues for PCA GEN-AOT. Moreover, as a result of nanoparticle

treatment, sustained drug levels above the MIC were achieved for 4 days in the liver and the

spleen, which formed the basis for designing a treatment schedule based on a lower dosing

frequency. This is an important issue to take into account, as several studies have

demonstrated that extended-interval dosing, or administration of aminoglycosides in larger

and less frequent doses, allow for increased bacterial killing while minimizing the associated

nephrotoxicity (15, 34, 35). The toxicological and therapeutic aspects of the PCA GEN-AOT

and GEN-AOT loaded nanoparticles were therefore studied and compared to those observed

for gentamicin and the reference treatment of gentamicin plus doxycycline. Along the

treatment, no hematological or biochemical alterations were observed. However, histological

examination revealed characteristic aminoglycoside-induced renal alterations such as

tubular lipoidosis and tubulonephrosis foci in those mice that received a gentamicin solution,
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alone or in combination with doxycycline, respectively (31, 36). Conversely, no alterations

were found in those mice reciving PCA GEN-AOT or the nanoparticles. Aminoglycoside-

derived nephrotoxicity has been associated with the accumulation of a small percentage of

the administered dose in the proximal renal tubular epithelial cells. Because of its

polycationic properties, gentamicin binds to the negative charges of membrane

phospholipids and enters tubular cells via endocytosis mediated by the megalin/cubilin

complex (37). Therefore, the complexation of gentamicin with the anionic AOT surfactant

may decrease the affinity of gentamicin to the membrane phospholipids and endocytic

receptors and thus, the uptake of GEN-AOT by these cells and, may reduce its interaction with

the lysosomal or endosomal phospholipids, inhibiting the phopholipidosis, as has also been

observed after the coadministration of gentamicin with some polyanions (38). Regarding

nanoparticles, both a different uptake mechanism and the extended dosing interval used

could protect the tubular cells from being continuously exposed to high antibiotic

concentrations, minimizing the chances for renal damage.

Finally, in accordance with the undetectable gentamicin levels in the spleen, it was

observed that gentamicin monotherapy did not affect the course of the murine infection. In

contrast, both GEN-AOT treatments significantly reduced the splenic infection, particularly

GEN-AOT loaded nanoparticles. Remarkably, with 4 nanoparticle doses the splenic Brucella

infection was reduced by 3.23 log10 units and 50% of the mice were cured. Furthermore, the

trend towards a greater therapeutic efficacy observed over the time of the study could

indicate that the peak efficacy of the nanoparticles may not have been reached. On the other

hand, despite the promising 87% cure rate initially obtained by the combined therapy, a

failure rate of 83% was observed at the end of the study. The gentamicin-AOT loaded

nanoparticles developed had superior efficacy to other drug delivery systems, such as

gentamicin PLGA microparticles (10) and polymeric nanoparticles containing streptomycin

and doxycycline (39), and some free antibiotics, such as quinolones, co-trimoxazole (40) and

criprofoxacin plus streptomicin combination (41), against Brucella melitensis-infected mice.

5. CONCLUSIONS

The present study demonstrates the potential of PLGA nanoparticles for delivering

sustained therapeutic GEN-AOT concentrations in the liver and the spleen, the target organs

for intracellular infections such as brucellosis, with no toxicity. These high and sustained

tissue concentrations resulted in reduced dosing frequency and improved therapeutic
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efficacy when compared to the free drug. Therefore, the polymeric nanoparticles developed

in this study emerge as promising tools to deal with the current challenges in the treatment

of human brucellosis. Further research will be required to optimize the dose and the duration

of the nanoparticle therapy with the aim of maximizing their therapeutic efficacy.

Importantly, these nanoparticles may also be useful platforms for the encapsulation of other

antibiotics and the treatment of diseases caused by intracellular bacteria, such as

tuberculosis.
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GENERAL DISCUSSION

Despite the great diversity of available antibiotics, infectious diseases remain

one of the leading cause of death worldwide and represent a serious public health problem

that results in significant morbidity and economic losses (1). Among the different infectious

diseases, one of the greatest challenges yet to be resolved is the treatment of infections

caused by intracellular bacteria. A paradigmatic example is the treatment of tuberculosis,

which reminds us that we are still far from having the knowledge to control these diseases.

As reviewed in the Introduction, regarding the relationship between microorganisms

and hosts, pathogens have acquired different strategies to survive and adapt to the harsh

intracellular environment. The phagocytes are cells which specialize in the fight against

invading pathogens, constituing the first line of defense of the organism. However, the

majority of intracellular bacteria evade the bactericidal mechanisms of phagocytic cells and

can hide, reside and multiply within these cells (2). The refuge offered by the host cells makes

the eradication of these infections hard to achieve, as many of the available antimicrobials

cannot efficiently penetrate the cell membrane, present limited cellular accumulation and/or

are inactivated in the acidic pH of subcellular compartments (3). Therefore, long lasting and

combined antibiotic regimens are usually needed which in turn often generate toxicity and

poor patient compliance. Consequently, therapeutic failures and relapses are frequently

reported, the most common outcome of these infections being their evolution towards

chronicity. One of the efforts in addressing this challenge lies in exploring antibiotic delivery

systems that encapsulate the drugs and passively transport them to the target cells where

they can reach the intracellular bacteria and achieve efficient intracellular therapy.

In this context, the present study deals with the search for new alternatives to the

current antibiotics-based approaches with the aim of improving the treatment of intracellular

bacterial infections, both in terms of effectiveness and compliance, and discusses how

nanomedicine could improve intracellular therapy by offering properties such as targeting,

sustained drug release, and drug delivery in the pathogen’s intracellular compartment.

Considering the intracellular location of the bacteria, the ideal drug treatment is one

that has the following characteristics (4): the ability to penetrate and accumulate inside host

cells and reach the pathogen compartment, sustained and site-specific drug release, high
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activity and low toxicity. However, most traditional antibiotics fail to meet all the

requirements. Among the different commercially available antibiotics, this study has been

focused on the use of the aminoglycoside antibiotic gentamicin. Gentamicin is a first choice

aminoglycoside for the treatment of serious bacterial infections with low cost, reliable activity

and long experience of use. The principal property that makes gentamicin a good candidate is

its high activity, particularly against aerobic Gram-negative bacilli, but also against numerous

intracellular bacteria (table 1). Moreover, it has been documented that, unlike other

aminoglycosides and some other antibiotics, gentamicin can enhance intracellular bacterial

destruction by macrophages (5, 6).

Table 1: Minimal inhibitory concentration (MIC) and minimal bactericidal concentration (MBC) of

gentamicin against various intracellular bacteria.

Bacteria MIC (mg/L) MBC (mg/L) References

Afipia felis ≤1 - (7)

Bartonella 0.12-1 2-4 (8)

Brucella abortus 0.25-0.5 2-4 (8, 9)

Brucella melitensis 0.5 1 (10, 11)

Francisella tularensis 0.03-1 - (12, 13)

Legionella pneumophila 0.39 1.56 (14)

Listeria monocytogenes 0.06 0.25 (15, 16)

Staphylococcus aureus 0.25-0.5 0.5-2 (17, 18)

Yersinia enterocolitica 1 - (19)

Yersinia pestis 0.06-0.25 - (20)

Mycobacterium tuberculosis 4 32 (21)

However, as a highly water soluble drug, gentamicin finds cell membranes relatively

impermeable and it therefore presents limited intracellular activity compared with its strong

bactericidal potential in the extracellular medium. This fact, along with its narrow

therapeutic index and well known toxicity, precludes gentamicin use in the case of many

important intracellular bacterial infections.

One strategy to improve the cellular penetration of gentamicin, and drugs in general,

consists of incorporating it in delivery systems (DDS), such as polymeric nanoparticles.

Nanoparticles are ingested by phagocytic cells and deliver the antibiotic payload in a

sustained manner. Moreover, apart from offering passive targeting and sustained drug

release, the ingestion of such vehicles may involve macrophage activation, increasing the

bactericidal immune response of the host. On the other hand, entrapment of gentamicin in

DDS can markedly alter its biodistribution from the kidney to other organs, thereby reducing
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the nephrotoxicity associated with the use of aminoglycosides in general. Therefore, these

novel preparations could permit us to reduce both the number of doses and the dose

required to achieve a therapeutic effect, which, in turn, will improve the overall drug efficacy,

minimize the related toxicity and facilitate patient compliance.

Thus, as mentioned in the Hypothesis and Objectives section, the main objective of

this research was to develop gentamicin polymeric nanoparticles with the aim of improving

the treatment of intracellular bacterial infections.

First of all, it is important to consider that DDS require the use of biocompatible and

biodegradable materials for their preparation. In this sense, the copolymers of poly (lactic-co-

glycolic acid) (PLGA) are the most widely studied biodegradable matrices for sustained drug

delivery. PLGA is a commercially available biodegradable and biocompatible polymer that is

approved by the FDA for human use and presents a long history of safe use in both medical

and drug delivery applications (22). Moreover, it offers great versatility, since PLGA

copolymers with different physical-chemical characteristics can be obtained by adjusting

parameters such as monomer composition and molecular weight. PLGA nanoparticles have

been used for the delivery of a wide range of therapeutic molecules to intracellular targets,

including antibiotics, such as azithromycin, rifampin or clarithromycin, among others (23-

26).

The advantages of gentamicin encapsulation in PLGA DDS have been extensively

studied for more than 10 years in the treatment of brucellosis (27). Nevertheless, the

entrapment of this hydrophilic drug in hydrophobic PLGA systems is not an easy task since it

requires the dissolution of the drug in an aqueous solution and its emulsification with an

organic solution containing the polymer. Previously two methods have been employed for

gentamicin encapsulation, spray drying and the solvent evaporation method. However, (i) the

spray drying approach for gentamicin encapsulation showed to produce microspheres which,

due to their inadequate size and tendency to aggregate, lacked in vivo activity in Brucella

abortus-infected mice (28) and, (ii) on the other hand, the solvent evaporation method after

the formation of a multiple W/O/W (water-in-oil-in-water) emulsion resulted in low

encapsulation efficiencies that hamper its use in vivo (29). One principal problem when trying

to encapsulate a hydrophilic drug is the rapid diffusion of the molecule from the internal

phase of the emulsion to the outer aqueous phase during the emulsification process, which

may result in poor encapsulation efficiencies. However, the single emulsion-solvent
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evaporation method has been successfully used for the encapsulation of hydrophobic

compounds, as they can be dissolved in the organic phase together with the polymer,

avoiding the first emulsification step (30).

Therefore, with the aim of obtaining high gentamicin encapsulation efficiencies, the

preparation of the nanoparticles employing the single oil-in-water (O/W) emulsion solvent

evaporation method was considered. However, this method requires the dissolution of the

drug in the organic phase containing the polymer. In order to fulfil this condition, the

gentamicin molecule was chemically modified into a more hydrophobic compound with

enhanced solubility in organic solvents using the ion exchange process called hydrophobic

ion pairing (HIP). The HIP process involves the stoichiometric replacement of the polar

counter ions with an ionic detergent of similar charge, which increases the solubility of the

ion paired complex in organic media (31). In this particular case, gentamicin was ion paired

with the anionic surfactant bis-(2-ethylhexyl) sodium sulfosuccinate (Aerosol OT™, AOT), a

GRAS (Generally Recognized as Safe) listed surfactant included in the FDA Inactive

Ingredients Guide (http://www.accessdata.fda.gov/scripts/cder/iig/index.cfm; FDA Inactive

Ingredient Data Base). By this process, the five protonated amino groups of gentamicin were

stoichiometrically complexed with the AOT surfactant in a molar ratio of 1:5 (gentamicin:

AOT), obtaining the ionic complex gentamicin-AOT (figure 1) (32).

Figure 1: Chemical structure of the gentamicin-AOT complex.

Thus, the first objective of the research was the preparation of highly loaded PLGA

nanoparticles containing the modified antibiotic gentamicin-AOT. Previous papers on

gentamicin loaded PLGA systems underlined that the nature of the copolymer used in the

formulation exerts a strong influence on particle uptake and in the generation of reactive
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oxygen species by phagocytic cells, which present an important role in the eradication of

intracellular pathogens (33, 34). On the basis of these previous studies, two PLGA copolymers

with uncapped hydroxyl and carboxyl end groups for the encapsulation of gentamicin-AOT;

(i) the PLGA 502H (lactic acid: glycolic acid ratio 50:50, molecular weight 13.7 KDa) and (ii)

the PLGA 752H (lactic acid: glycolic acid ratio 75:25, molecular weight 17 KDa) were selected.

Gentamicin-AOT was encapsulated into PLGA 502H or 752H nanoparticles using the

O/W single emulsion-solvent evaporation method described in Chapter 1 (section 2.4). The

type of copolymer used appeared not to play an important role in the rate of encapsulation of

gentamicin-AOT. For all the conditions tested (increasing drug amounts from 20 mg to 60 mg

with the two PLGA copolymers studied) encapsulation efficiencies of 100% were obtained,

leading to drug loadings as high as 60 μg of gentamicin per mg of formulation (Chapter 1,

table 2). The obtained drug loadings are considerably much higher than those reported

before for gentamicin PLGA micro and nanoparticles (29, 35) and therefore, could make it

possible to reduce the number of nanoparticles required for the administration of a

therapeutic antibiotic dose. Moreover, the energy-dispersive X-ray analysis revealed that the

drug was uniformly distributed throughout the polymer matrix (Chapter 1, figure 4).

Therefore, the suitability of HIP strategy to improve the encapsulation of water soluble drugs

in polymeric matrices observed previously by other authors was confirmed (36, 37).

On the other hand, it is well established that particle uptake is largely affected by the

physicochemical characteristics of the particles, especially particle size, shape and surface

properties, such as electrical charge and hydrophobicity (38, 39). The gentamicin-AOT

nanoparticles developed were found to be spherical in shape and presented mean diameters

ranging from 250 to 330 nm, with low polydispersity index (indicating a narrow particle size

distribution) and a negative surface charge close to neutrality, determined by zeta potential

measurement (Chapter 1, figure 3 and table 1). The particle diameters obtained were similar

to those reported previously for gentamicin-loaded nanoparticles (40, 41) and other PLGA

nanoparticles intended for intracellular targeting to macrophages (42). Moreover, the

submicron size of nanoparticles makes them compatible with various administration routes,

including intravenous injection.

Regarding surface properties, several studies have been conducted in order to define

their role in particle uptake and phagocytosis (38, 43). It is generally assumed that

hydrophobic particles are more efficiently taken up than hydrophilic ones, both in vitro,
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promoting nanoparticle adhesion to cell surface, and in vivo, due to adsorption of blood

components, mainly opsonins, which act as a bridge between nanoparticles and phagocytes

leading to their internalization by phagocytosis (44-47). Furthermore, zeta potential of the

nanoparticles was brought from negative to values close to neutrality when gentamicin-AOT

was added to the formulation. Therefore, some drug could be located on the nanoparticle

surface, with the subsequent increase of the surface hydrophobicity that could favor the

interactions between nanoparticles and cells (Chapter 1, table 1).

On the other hand, interest has also been focused on residual formulation materials in

the final product. Polyvinyl alcohol (PVA) is one of the most widely used emulsifiers for the

preparation of PLGA nanoparticles. However, a fraction of the PVA added to the formulation

remains associated with the nanoparticle surface after nanoparticle preparation (48, 49).

PVA must be reduced to a minimal value since it has been reported to prevent nanoparticle

cellular uptake (50). All the nanoparticle formulations prepared in this work were

extensively washed before freeze drying and, as a consequence, low residual PVA values were

found (less than 4%). These values are several times lower than 13% PVA content previously

reported (51)

Taking into account their physical-chemical characteristics, gentamicin nanoparticles

appeared to be well suited for intracellular targeting, and so the release of the drug from the

nanoparticles was studied for all the developed formulations.

When the therapeutic target is located within the cells, it is important to ensure that

(i) the antibiotic loaded in the carriers is not lost before reaching the target and (ii) that once

inside, the carrier is able to deliver the therapeutic payload in a sustained manner. In vitro

release studies conducted in phosphate buffered saline (PBS) revealed that drug release

presented the typical pattern of the PLGA systems, characterized by a burst release during

the first 24 h followed by a slow release phase (figure 2). Drug release from nanoparticles

was specially low during the first 2 h (less than 5%). Considering the rapid recognition of the

nanoparticles by the cells of the mononuclear phagocytic system (MPS) once in the

bloodstream (52) ensures that nearly the complete payload of the nanoparticles will be taken

up by the cells. The subsequent sustained release profile may be beneficial to kill intracellular

pathogens, as clearance of the organisms can be achieved with an initial supply of a high

concentration of antibiotics followed by a sustained antibiotic release.
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Despite the limitations of the in vitro release models, the sustained release profile

achieved by the nanoencapsulated drug could avoid systemic toxicity associated with the

high and repeated dosages that are currently employed when using the free form of the

drugs, and hence provide a safe treatment option. Moreover, such kinetics is very likely to

improve patient compliance by minimizing relapses.

Figure 2: Gentamicin release profile from PLGA 502H (A) and PLGA 752H (B) NP in phosphate

buffered saline (pH 7.4) as a function of the nominal drug loading. Data are expressed as mean ± SD,

n=3. NP 1= PLGA 502H NP with 20 mg of GEN-AOT, NP 2 = PLGA 502H NP with 40 mg of GEN-AOT, NP

3 = PLGA 502H NP with 60 mg of GEN-AOT, NP 4 = PLGA 752H NP with 20 mg of GEN-AOT, NP 2 =

PLGA 752H NP with 40 mg of GEN-AOT, NP 6 = PLGA 752H NP with 60 mg of GEN-AOT.

It was noteworthy that although no significant differences in size, encapsulation

efficiency and zeta potential were found, the PLGA copolymer type and drug loading used

exerted a great influence in the release of the drug from the nanoparticles. In agreement with

the observations from the literature (53-55), decreasing polymer hydrophilicity prolonged its

drug release time, as observed for gentamicin-AOT nanoparticles formulated with the 752H

copolymer. Higher lactide content made the 752H copolymer more hydrophobic than the

502H one, hindering its water uptake from the release medium and hence decreasing its

degradation rate. On the other hand, since no significant drug:polymer interactions were

found, the slower release of the nanoparticles with higher amounts of gentamicin was
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attributed to both the formation of a more compact internal core and nanoparticle

coalescence, also observed in the SEM images (Chapter 1, figure 3), which could reduce drug

delivery rates due to a decrease in the accessible surface area. In fact, it was observed that

when nanoparticles were resuspended in aqueous media (water, saline solution or cell

culture medium) those formulated with an initial drug loading of 60 mg of gentamicin-AOT

per formulation formed some aggregates and the agglomerates settled rapidly. In contrast,

nanoparticles formulated with an initial amount of 20 mg of gentamicin-AOT presented good

resuspension properties and no aggregation. This is an important issue to consider as

gentamicin loaded PLGA particles have been reported to exhibit a tendency to aggregate and

therefore to lack efficacy when administered in vivo (28). Thus, PLGA 502H and 752H

nanoparticles with a nominal antibiotic loading of 20 mg were selected for the next studies.

It was hypothesized that the hydrophobicity and low water solubility of gentamicin-

AOT that enabled its efficient encapsulation in PLGA matrices may also allow the antibiotic to

penetrate the cell membranes and reach the intracellular targets without requiring a

polymeric carrier. However, the intrinsic properties that could improve its membrane

permeability make gentamicin-AOT difficult to solubilize in non-organic solvents and

therefore hinder its in vivo administration. One approach to overcome this problem is to

increase its accessible area through a micronization process (56). Thus, gentamicin-AOT was

micronized using the compressed fluid based method precipitation with a compressed

antisolvent (PCA) (Chapter 1, section 2.3). The PCA-micronized gentamicin-AOT obtained

(PCA gentamicin-AOT) was formed by homogeneous networked micron-sized particles that

increased its accessible area, improving its dispersion properties in aqueous media (Chapter

1, figure 2).

Finally, the effect of the modification, encapsulation and micronization processes on

the biological activity of the antibiotic was evaluated. Susceptibility studies with different

Gram-negative (Brucella melitensis and Pseudomonas aeruginosa) and Gram-positive

(Staphylococcus aureus and Listeria monocytogenes) bacteria showed that the modification of

the original structure and encapsulation did not alter gentamicin antibacterial activity, since

MIC of gentamicin and the derivatives differ only by one log2 dilution. Moreover, it was found

that the bactericidal character of gentamicin was also unaffected (Chapter 1 and Chapter 2).

At this point, the major question was whether the selected antibiotic formulations

could actually be efficiently internalized by phagocytic cells and exert the antibacterial



GENERAL DISCUSSION

147

activity intracellularly. The answer to this question was raised as a second objective of this

research, which included the study of the intracellular pharmacokinetics and

pharmacodynamics of the formulations.

The treatment of intracellular bacterial infection with gentamicin, or aminoglycosides

in general, has long been considered to be ineffective. This inactivity has been mainly

associated with three principal properties: (i) the highly water-soluble nature of gentamicin

which renders a poor, slow cellular accumulation; (ii) once inside the cells, gentamicin is

mainly localized in lysosomes, where it is protonized and thus cannot diffuse to the other

compartments, preventing it from acting upon bacteria located in other subcellular

compartments like the cytosol; (iii) its antimicrobial activity is impaired by the acidic pH of

the phagolysosomes. Therefore the influence of the new formulations proposed on these

issues was studied.

The first issue to take into account was the antibiotic cellular accumulation. It is

known that hydrophilic ionized drugs have a lower permeability across biological

membranes than non ionizable and hydrophobic ones. The cellular uptake of gentamicin and

aminoglycosides in general has been extensively studied in different cell lines, leading to the

conclusion that, due to their polar nature, aminoglycosides have limited access to the

intracellular compartment, requiring prolonged exposure times to achieve detectable

concentrations (57). As phagocytic cells are usually the preferred target of intracellular

pathogens, internalization of the developed gentamicin-AOT formulations was studied in

murine peritoneal J774 macrophages and human THP-1 monocytes. These cells mature into

macrophage-like cells following stimulation with phorbol 12 myristate 13 acetate (PMA). The

cells were exposed to gentamicin formulations and the cellular antibiotic concentration was

determined by microbiological assay, which allowed us to detect concentrations as low as

0.125 μg/mL. However, considering the low cellular concentrations achieved in human 

monocytes after gentamicin treatment (Chapter 2, figure S.2), the accumulation kinetics of

the antibiotic treatments was only studied in J774 macrophages and macrophage-like THP-1

cells (A-THP-1).

In these models, the free gentamicin showed a slow and inefficient cellular

accumulation (figure 3). It is known that due to their polar nature, aminoglycosides cannot

diffuse passively through the eukaryotic cell membranes, and enter the phagocytic cells by

pinocytosis (5, 58), which is consistent with the slow and linear uptake observed for

gentamicin and compares very well with the uptake rate of some pinocytic tracers (59).
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Figure 3: Accumulation kinetics of 18 mg/L of gentamicin (GEN), gentamicin-AOT (GEN-AOT) and its

microstructured (PCA GEN-AOT) and encapsulated forms (502H NP and 752H NP) in A-THP-1 cells (A)

and J774 cells (B) over 24 hours. Data are expressed as internalized drug micrograms per milligrams of

cell protein. Lower panel (C) shows the rates of uptake of gentamicin and its formulations in A-THP-1

and J774 cells. Calculations were made based on mathematical regressions of the data presented. All

values are expressed as accumulation factor per hour ((Cc/Ce)/h), see Chapter 2 figure S.2 for

accumulation factors at 24 h). a slope of the linear regression correlating gentamicin accumulation with

time (0-24h time points); b slope of the linear regression correlating gentamicin accumulation with

time during the linear phase of the uptake (0-3 h time points); c calculated from one phase exponential

association (0-24h time points).

It is noteworthy that the accumulation rate and efficiency of gentamicin were

enhanced by two to three times after its ion pairing with AOT and its micronization. This

approach was previously described with other antibiotics like erythromycin (60) and

ampicillin (61). Indeed, a decrease in the degree of ionization of a molecule after its

interaction with an oppositely charged molecule would result in improved membrane

permeation. Therefore, the results obtained were attributed to an increase in the partition

coefficient of gentamicin after AOT coupling, as observed by Feng et al. for AOT-coupled

cisplatin (62). However, a slow endocytic process, for which the plateau was not reached, was

not discarded either. Interestingly, encapsulation of gentamicin-AOT into PLGA nanoparticles
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further increased antibiotic cellular accumulation, leading to intracellular concentrations 10

times higher than the extracellular concentration and 7 times higher than that achieved by

the free gentamicin treatment. Moreover, the accumulation kinetics studies showed a rapid

uptake of the nanoparticles in both cell lines, especially during the first few hours, reaching a

plateau thereafter. The initial rate of uptake of PLGA 502H and 752H nanoparticles was 6 and

15 fold higher in A-THP-1 cells and 18 and 27 fold higher in J774 cells than that of

gentamicin, respectively. Such a rapid and efficient uptake of PLGA nanoparticles has also

been previously observed by fluorescent microscopy in J774 (42) and RAW 264.7

macrophages (63). The different accumulation observed for nanoparticles prepared with the

different PLGA copolymers cannot be related to the surface properties or size of the carriers,

since nanoparticles presented similar size, zeta potential and residual PVA content (Chapter

1, table 1), but may correspond to the different hydrophilic characteristics of the copolymers

used to produce the nanoparticles, with the uptake decreasing with increasing copolymer

hydrophilicity. In any case, gentamicin-AOT formulations were able to efficiently penetrate

the phagocytic cells and be retained by them. However, as stated before, although resistance

of intracellular infections to antibiotics has usually been related to the low intracellular

accumulation of antibiotics, it has been demonstrated that achieving high intracellular

antibiotic concentrations is not always predictive of intracellular efficacy, as intracellular

bactericidal activity may not be proportionally enhanced (3, 64).

Regarding the subcellular distribution of the internalized drug, it is important to bear

in mind that the access of an antibiotic to the bacteria-harboring compartment is essential to

obtain a therapeutic effect. Gentamicin is known to accumulate mainly in the lysosomes

where its activity is impaired due to the acidic pH of the phagolysosomes. However,

gentamicin does not exclusively localize in the lysosomes. Indeed, it has been observed in

different cell lines that a small fraction of gentamicin can be released into the cytoplasm and

associate with different subcellular organelles, such as the mitochondria and the nucleus (65-

68). Consistent with these observations, in this study it was observed that 77% of the

internalized free gentamicin was located in the granules fraction of the macrophages, which

includes the lysosomes, whereas only 5% of the antibiotic was within the soluble fraction of

the cells (Chapter 2, figure 2). Interestingly, ion paired gentamicin, PCA gentamicin-AOT and

the nanoparticles presented a different intracellular fate inside the cells, as could be seen

from the change in the distribution profile of the antibiotic. It was found that the increase of

the antibiotic cellular accumulation achieved by gentamicin-AOT formulations affects almost

exclusively the soluble fraction of the cells, leading to accumulations that were 74 to 124-fold
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higher in the soluble fraction than that obtained in the cells exposed to gentamicin. Although

the precise mechanism by which this alteration occurs was not investigated, translocation of

the non-ionized forms of gentamicin-AOT from the lysosomes to the cytoplasm could be a

possible explanation. Regarding PLGA nanoparticles, some author have attributed lysosomal

escape of the nanoparticles to a membrane-nanoparticle interaction caused by the inversion

of nanoparticle surface charge from anionic to cationic at acidic pH (69, 70).

Here, it is important to highlight that although distribution of gentamicin to the cell

cytoplasm has been associated with cellular toxicity (71), neither the increase in the drug

cellular accumulation nor the broad cellular distribution achieved by the developed

formulations compromised cell viability (Chapter 2, figure S.1), indicating that equivalent

drug amounts of gentamicin and formulations can be used, with the advantage of an

improved therapeutic index achieved by the formulations.

Finally, considering the intrinsic activity of gentamicin, impaired activity of

gentamicin at low pH has been attributed to the protonation degree of the molecule in acidic

environments, which modifies its uptake in the bacteria, rather than to a change in the

bacterial susceptibility to the antibiotic (17, 72-74). Importantly, the activity of gentamicin-

AOT formulations was less affected by acidic pH than gentamicin, as observed from the

evolution of the MIC values of the different antibiotics at different pHs (Chapter 2). Taking

into account that AOT molecules are bound to the protonable amino groups of gentamicin,

the masking effect, at least partially, of these groups by AOT molecules would be the more

feasible explanation for this phenomenon.

Taken together, the higher cellular accumulation and the broader cellular distribution

obtained for gentamicin after its hydrophobic modification and encapsulation opened new

possibilities that have still not been exploited, such as the use of gentamicin against

intracellular bacteria that are located both inside and outside the phagolysosomes. Therefore,

gentamicin-AOT formulations were tested for their ability to kill intracellular pathogens such

as Staphylococcus aureus, which colonizes the phagolysosomes and Listeria monocytogenes, a

cytosolic bacteria.

It was observed that the different gentamicin treatments achieved a similar efficacy

(1.10 to 1.45 log10 unit reduction) against S. aureus at the highest dose used (18 mg/L) (figure

4, left-hand panel). However, a more detailed study focused on the intracellular activity of
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gentamicin and the most promising gentamicin-AOT nanoparticles, PLGA 752H

nanoparticles, revealed a time- and concentration-dependent activity of both treatments in a

narrow concentration range. Gentamicin was bacteriostatic at concentrations of 2 times its

MIC and reached its maximal effect at 24 h, already at 10 times its MIC. In contrast,

nanoparticles already managed to reduce the intracellular infection at 12 h (0.77 log10 unit

reduction with 18 mg/L) and were more effective than gentamicin at concentrations of 2

times the MIC (0.42 log10 unit reduction) (figure 4, middle panel). The results obtained

correlated well with the intracellular pharmacokinetics data of the nanoparticles, which

showed a faster and more efficient intracellular drug accumulation.

On the other hand, intracellular Listeria were almost unaffected by gentamicin

treatment (figure 4, left-hand and middle panels). Drevets et al. (5) found that gentamicin

could readily kill intracellular Listeria, but they used an extracellular antibiotic dose 3 times

higher than the maximum gentamicin dose used in our study, which mimicked the maximal

serum concentrations achieved during conventional gentamicin treatment (Cmax) (18 mg/L)

(75). However, other studies using the same conditions as ours support the lack of efficacy of

gentamicin against this intracellular pathogen (76). Gentamicin-AOT and PCA gentamicin-

AOT treatments significantly decreased the intracellular bacterial growth compared to the

control cells or cells incubated with gentamicin alone, but, in the tested conditions (12 hours

with 18 mg/L), were not able to achieve a bacteriostatic effect (figure 4, left-hand panel).

The evaluation of the gentamicin-AOT formulations developed demonstrated that

gentamicin-AOT treatments have an improved intracellular activity against cytoplasmic L.

monocytogenes, which correlates with the increase in antibiotic concentration in the soluble

fraction achieved by the nanoparticles. This effect was more marked with gentamicin-AOT

PLGA 752H nanoparticles, which significantly reduced the intracellular growth at

extracellular concentrations of 10 x MIC and showed an antibacterial activity increasing over

time (figure 4, middle panel). These data confirmed the time- and concentration-dependent

character of gentamicin activity also observed against S. aureus (17, 18, 77). Remarkably, the

24-hour exposure with the nanoparticles in the Cmax allowed us to slightly decrease the

intracellular inoculum, which, considering the inability of gentamicin to prevent bacterial

growth, clearly shows the improved efficacy of the antibiotic after its encapsulation. The

enhanced drug delivery to the pathogen-harboring compartments together with the

sustained drug release from the nanoparticles could account for the improved efficacy of

encapsulated antibiotic observed, compared to free antibiotic.
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Figure 4: Activity of gentamicin and its different formulations against intracellular S. aureus ATCC

25923 (top) and intracellular L. monocytogenes strain 56 (bottom). Activity is expressed as the change

in the number of cfu per mg of cell protein from the initial inoculum. Data are mean and standard

deviation of at least four independent determinations. Left-hand panel: infected cells were exposed to

a fixed concentration of 18 mg/L gentamicin during 24 h (S. aureus) or 12 h (L. monocytogenes).

Statistical analysis: *p < 0.05, **p < 0.01 when compared with the untreated control; a =p < 0.05, b = p <

0.01 when compared with GEN; c = p < 0.01 when compared to GEN-AOT. Middle panels: infected

cells were exposed to increasing extracellular concentrations of free gentamicin or of GEN-AOT 752H

NP for 12 or 24 h. Statistical analysis: *p < 0.05 for gentamicin-AOT PLGA 752H nanoparticles when

compared with gentamicin under the same concentration and exposure time conditions. Right-hand

panels: correlation between the activity of gentamicin and its different formulations at 24 h and the

concentration of gentamicin reached in the infected compartment. Concentrations are expressed as the

ratio to the concentration reached in cells incubated with gentamicin in the granule fraction (MLP

fraction) for S. aureus and in the soluble fraction (S fraction) for L. monocytogenes, as calculated from

the data presented in Chapter 2 figure 2 [log scale; 0 corresponds to the subcellular concentration of

gentamicin after 24 h incubation with 18 mg/L of the free drug (highlighted by the arrow)]. The

horizontal broken line shows a static effect; the vertical broken line shows the subcellular

concentration needed to reach this static effect. The data were fitted to sigmoidal regressions: r2 =0.87

for S. aureus and r2 =0.97 for L. monocytogenes.
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Therefore, in sum, it was demonstrated that gentamicin-AOT nanoparticles controlled

the intracellular growth of L. monocytogenes and S. aureus at lower concentrations and

shorter incubation times than free gentamicin.

Moreover, on the basis of the data obtained after the intracellular activity studies and

the fractionation studies, it was possible to establish a sigmoid concentration-effect

relationship for gentamicin against S. aureus and L. monocytogenes (figure 4, right-hand

panel). The curves obtained showed that (i) for S. aureus most of the concentration-

dependent antibacterial effect takes place at low antibiotic concentrations and (ii) for L.

monocytogenes cytosolic concentrations above the obtained in the cells incubated with Cmax

of gentamicin are required to observe this concetration-dependent antibacterial effect.

Moreover, the equation obtained for each curve allowed us to intrapolate the static

concentration value, i.e. gentamicin concentration at the infected fraction (granular fraction

for S. aureus or soluble fraction for L. monocytogenes), for which a static effect or intracellular

bacterial growth inhibition is produced. For S. aureus, the static effect was reached at

concentrations in the granular fraction that are approximately 20 times lower than those

obtained for cells exposed to 18 mg/L, and could therefore been obtained when cells are

exposed to an extracellular concentration of 1 mg/L. On the other hand, for L. monocytogenes,

a cytosolic concentration approximately 6-fold higher than that obtained for cells exposed to

the Cmax will be required to obtain a static effect. This was attributed to the inappropriate

subcellular distribution of gentamicin and highlights the interest of the formulations, which

make it possible to increase the cytosolic content to a sufficient extent to achieve this effect.

On the other hand, it was calculated that gentamicin concentrations of approximately 12 x

MIC at pH 5.4 and 18 x MIC at pH 7.4 are needed in the infected organelles to prevent

Staphylococcus and Listeria growth, respectively (see Chapter 2, section 3.5). These data

suggest that the intracellular medium defeats the activity of gentamicin and/or reduces

bacterial susceptibility to gentamicin. Whichever the case, the increased accumulation and

particular cellular distribution of the nanoparticles compensates for this loss of potency.

Once the improved efficacy of the modified and encapsulated antibiotic over

gentamicin was demonstrated in vitro, the in vivo pharmacokinetics of the formulations was

studied, and the efficacy of the formulations in mice experimentally infected with Brucella, as

a model of intracellular bacterial infection, was analyzed (Chapter 3).
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Brucellosis is a worldwide zoonosis with important socio-economic repercussions

caused by bacteria of the genus Brucella. The choice of this disease as model of intracellular

infection was supported by three main reasons:

On the one hand, it well represents the problems currently associated with the

treatment of intracellular diseases, such as the need for combination of drugs in long-lasting

therapeutic regimens that often lead to poor patient compliance, toxicity problems and

frequent relapses. It has been observed that a number of treated patients who remain

clinically healthy for a prolonged time can still be positive for Brucella DNA (78), which

reflects the difficulty of eradicating the pathogen. Therefore there is a recognized need for

new alternative approaches for the treatment of brucellosis (79).

On the other hand, gentamicin has been shown to be an attractive candidate for the

treatment of brucellosis. Current brucellosis treatment is based on a prolonged

administration of a doxycycline-rifampicin or a doxycycline-aminoglycoside combination, the

former presenting the advantage of being a totally oral regimen but the latter being

associated with lower relapse rates (80). Moreover, an extended doxycycline-aminoglycoside

regimen is the preferred therapeutic option in life-threatening forms of the disease, such as

endocarditis (79). Among the proposed aminoglycoside antibiotics, gentamicin offers some

advantages over streptomycin such as the wider availability of gentamicin and the sparing of

streptomycin, a valuable anti-tuberculosis agent, (81) and the greater in vitro activity against

clinical isolates of Brucella (82, 83).

Finally, previous research with gentamicin loaded PLGA DDS has demonstrated very

promising results when used against Brucella-infected monocytes and mice (84-86).

Therefore, the suitability of the different gentamicin-AOT formulations for the

treatment of human brucellosis was investigated in both cellular and animal models of this

disease (Chapter 3).

First of all, the efficacy of the formulations developed against the intracellular forms

of the bacteria was studied in B. melitensis-infected human macrophages. After its

phagocytosis Brucella enters in the endocytic route and localizes in early phagosomes but

avoids further fusions with lysosomes to become established in replicative phagosomes

derived from the endoplasmic reticulum (87, 88). As shown in Chapter 2, free gentamicin

presents a slow, poor cellular accumulation and the internalized drug remains sequestered in

the lysosomal compartment. This inappropriate cellular pharmacokinetics resulted in a lack

of efficacy against the intracellular forms of the bacterium (figure 5). In contrast, all

gentamicin-AOT formulations significantly reduced the intracellular infection in a
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concentration-dependent fashion. Therefore, it seems clear that its hydrophobic modification,

and especially its encapsulation, allow gentamicin to gain access to the pathogen-harboring

compartments at therapeutically relevant concentrations. Moreover, previous studies

showed that phagocytosed particles stimulate the oxidative burst of the phagocytic cells (41),

which might act synergistically with the antibiotic in killing the intracellular bacteria.

Considering their significantly better intracellular activity (2.35 log10 unit reduction at an

extracellular concentration equivalent to 18 mg/L of gentamicin), gentamicin-AOT loaded

PLGA 752H nanoparticles were the ones selected for their in vivo evaluation. For comparison,

the same aspects were also studied for free gentamicin and PCA gentamicin-AOT, which

presented the same in vitro behavior as gentamicin-AOT but an improved dispersability in

aqueous solutions.

Figure 5: Efficacy of 1 mg/L (horizontal lines) or 18 mg/L (diagonal lines) of gentamicin in the

different formulations against intracellular Brucella melitensis infection in THP-1 human macrophages.

Results are expressed as log10 of intracellular CFU per well and represented as the mean value ± S.D. of

at least three independent assays made by triplicate. Dotted line indicates the intracellular Brucella

inoculum at the beginning of the treatment. Statistical analysis: ** p < 0.01 compared to the control

cells; a= p < 0.05 and b= p < 0.01 compared to gentamicin-treated cells; c= p < 0.05 compared to cells

treated with gentamicin-AOT, microstructured gentamicin-AOT or gentamicin-AOT PLGA 502H

nanoparticles. Mann Whitney U test. Abbreviations: GEN= gentamicin, GEN-AOT= gentamicin-AOT,

PCA GEN-AOT = microstructured gentamicin-AOT, GEN-AOT 502H NP = gentamicin-AOT loaded PLGA

502H nanoparticles, GEN-AOT 752H NP = gentamicin-AOT loaded PLGA 752H nanoparticles, 502H NP

= PLGA 502H nanoparticles, 752H NP = PLGA 752H nanoparticles.
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Regarding the in vivo studies, the mouse is the most widely used animal model for

investigating brucellosis (89). Taking into account the ability of Brucella to grow in the

organs of the mononuclear phagocytic system, namely the liver and the spleen, and the

potential nephrotoxic effect of gentamicin, it is important first to study the in vivo

pharmacokinetics and toxicity of the nanoparticles.

It is known that following systemic administration and due to their small size and

polar nature, aminoglycosides show low tissue distribution and plasma protein binding, with

around 80-90% of the dose excreted into the urine within 24 h by glomerular filtration (75).

Consistent with the literature, after the administration of a single intraperitoneal dose of 5

mg/kg, gentamicin was not detected in the mice spleen and liver (limit of detection 0.125

μg/g and 0.25 μg/g of organ, measured by a microbiological assay) (Chapter 3, figures 2A

and B). Conversely, high gentamicin concentrations were measured in the kidneys (Chapter

3, figure 2C), which is the most important cause of the development of aminoglycoside-

induced nephrotoxicity. In fact, it was observed that a daily administration of 5 mg/kg of

gentamicin for 14 days produced a slight tubular lipoidosis (Chapter 3, figure 3A). It has

been reported that cationic drugs such as aminoglycosides bind to phospholipids of the

kidney proximal tubular cells, and concentrate in their lysosomes where the lipid metabolism

is altered and the activities of phospholipases A and C and sphingomyelinase are inhibited,

producing a phospholipidosis, which could explain the nephrotoxicity observed (90, 91).

Hydrophobic modification and encapsulation of gentamicin directed the antibiotic to

the liver and the spleen and reduced the drug accumulation in the kidneys (Chapter 3, figure

2). Although PCA gentamicin-AOT showed a higher distribution to the liver and the spleen, it

was not enough to raise gentamicin levels above the MIC against B. melitensis. Therefore, a

daily therapeutic regimen was established for PCA gentamicin-AOT. Interestingly, despite the

alterations observed for free gentamicin in the mice kidneys, no significant renal alterations

were observed after a two-week course of treatment with daily PCA gentamicin-AOT

(Chapter 3, figure 3C). This more favorable toxicological profile of PCA gentamicin-AOT

could be the result of its lower kidney accumulation, which was well illustrated by the AUC

values obtained by PCA gentamicin-AOT in the kidneys that were 3.5 times lower than those

obtained by gentamicin. Aminoglycosides attach in their cationic form to the acidic

phospholipids of the brush-border membrane of tubular epithelial cells and thereafter, are

transferred to the transmembrane protein megalin to become internalized in endosomes



GENERAL DISCUSSION

157

(90). The masking of the cationic amino groups with AOT-coupling may be responsible for the

reduced renal accumulation observed for gentamicin-AOT.

The encapsulation of gentamicin-AOT in PLGA nanoparticles substantially increased

antibiotic accumulation in both the liver and the spleen. The higher accumulation of the

encapsulated drug in these macrophage-rich organs correlated well with the higher degree of

cellular accumulation observed in cultured macrophages with respect to the non-

encapsulated forms. As stated above, final particle biodistribution is a multifactorial process

in which different properties such as particle size and surface characteristics may play a key

role (47, 92). As also reported by others (93), a higher distribution of the nanoparticles to the

spleen was observed, leading to Cmax and AUC values 12 times and 7 times higher in the

spleen than in the liver, respectively (Chapter 3, table 1). In any case, by nanoparticle

administration therapeutic drug concentrations in the liver and the spleen were maintained

for up to 4 days, which led us to design an extended interval therapeutic schedule based on

the administration of a nanoparticle dose over 4 days. This is an important achievement since

several clinical trials support the benefit of a therapeutic regimen including more spaced 

gentamicin administration, with improved clinical outcomes such as reduced toxicity and less

resistence to therapy (94-97). Moreover, considering the pharmacoeconomic aspect, a

comparison of the costs of the proposed extended nanoparticle dosing and traditional single

daily dosing should include not only the cost of the antibiotic but also the costs of labor,

laboratory monitoring and drug toxicity.

Finally, once the significance of the targeting potential of the developed systems was

established, mice were chronically infected with the virulent strain Brucella melitensis and

treated for 14 days with: (i) daily intraperitoneal free gentamicin, (ii) a daily combination of

oral doxycycline and intraperitoneal gentamicin (iii) daily intraperitoneal PCA gentamicin-

AOT or (iv) a intraperitoneal dose of the selected gentamicin-AOT nanoparticles every four

days. In parallel, a group of mice was kept untreated. The therapeutic response to the

treatments was measured by monitoring the reduction of the infection in the spleen for three

weeks post-treatment. When given alone, gentamicin was unable to control the course of the

experimental murine brucellosis and, moreover, all mice were found to be infected at the end

of the experiment. The failure of gentamicin in this model is also in agreement with its

deficient results in the intracellular activity studies (Chapter 3, section 3.2) and its

undetectable levels in the spleen (Chapter 3, section 3.3). However, the combination of

gentamicin with doxycycline yielded a significantly better therapeutic outcome. Soon after
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the end of the treatment, a cure rate of 87% was observed in mice treated with the combined

therapy (<10 CFU/spleen), achieving a mean reduction of splenic Brucella of 5.2 log10 units.

However, thereafter the infection re-emerged and three weeks after the end of the treatment

a failure rate of 83% was observed (table 2). Most studies in murine models do not evaluate

the evolution of the splenic infection during the following weeks after the treatment and

therefore show better results for the standard combined therapeutic regimens (98).

Moreover, although cure rates exceeding 80% with relapse rates of 5-10% are usually

reported when treatment durations around 6 weeks are used, special attention should be

paid in the toxicological aspect if more prolonged therapeutic regimens are used. It is

important to highlight that tubulonephrosis foci and even a focal necrosis were found in the

animals that followed the 2 week treatment with gentamicin and doxycycline (Chapter 3,

figure 3B), and therapeutic regimens with doxycycline for more than 4 weeks have been

associated in humans with phototoxicity and gastrointestinal complaints (99).

Table 2: Antibacterial efficacy of the different gentamicin formulations on Brucella melitensis 16M-

infected BALB/c mice.

a statistical analysis: * p < 0.05 and ** p < 0.01 compared to the untreated group at the same time of

sacrifice. c = p < 0.05 and d = p < 0.01 compared to the untreated group 2 weeks post-infection (basal

infection). Mann-Whitney U test. b less than 10 CFU/spleen (limit of detection). Abbreviations: CFU,

colony forming units; GEN, gentamicin; DOX, doxycycline; PCA GEN-AOT, microstructured gentamicin-

AOT, GEN-AOT 752H NP, gentamicin-AOT loaded PLGA 752H nanoparticles; 752H NP, PLGA 752H

nanoparticles.

On the other hand, PCA gentamicin-AOT managed to significantly reduce the splenic

infection compared to the control mice, but failed to cure the animals (table 2). The low

concentrations achieved in the liver and the spleen might explain this therapeutic failure. For

antibiotics presenting concentration-dependent antimicrobial activity, the goal of the therapy

is to maximize the drug concentration to reach the pharmacodynamic objectives. The ratio

1 week post-treatment 3 weeks post-treatment

Treatment
Log CFU/Spleen

(mean ± SD)

Reductiona

(log)

curedb

/total mice

Log CFU/Spleen

(mean ± SD)

Reductiona

(log)

curedb

/total mice

Untreated 5.54 ± 0.50 - 0/5 5.18 ± 0.46 - 0/5

GEN+DOX 0.37 ± 0.83 5.17 **, d 4/5 2.07 ± 1.37 3.10 **, d 1/6

GEN 5.10 ± 0.25 0.44 0/6 5.08 ± 1.19 0.09 0/6

PCA GEN-AOT 4.85 ± 0.10 0.69 ** 0/6 4.15 ± 0.80 1.03 **, c 0/6

GEN-AOT 752H NP 3.69 ± 1.86 1.85 ** 1/6 1.95 ± 2.13 3.23 **, d 3/6

752H NP 5.49 ± 0.30 0.05 0/6 5.15 ± 0.18 0.03 0/6
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Cmax to MIC has been shown to be good a predictor of aminoglycoside therapeutic efficacy

and it seems to be generally accepted that optimum bactericidal activity is achieved when the

peak concentration is approximately 10 times the MIC (100, 101). However, the administered

dose of PCA gentamicin-AOT led to Cmax/MIC ratios below 1.5 in both tissues, pointing out

that subtherapeutic concentrations of antibiotic were obtained after the administration of a

single dose of 5 mg/kg. These results suggest that two weeks of daily PCA gentamicin-AOT

administration was not enough to achieve the optimum Cmax/MIC ratio or to maintain it

enough time to produce the sterilization of the spleen.

In contrast, given every 4 days during 2 weeks, nanoparticles containing gentamicin-

AOT reduced significantly the splenic infection from the first week after administration of the

last dose onward and even managed to sterilize the spleen of some of the treated mice (table

2). These data agree with higher AUC and Cmax showed by the nanoparticle formulation,

which was found to be 109 times the MIC of the nanoparticles against the tested Brucella

strain (0.25 mg/L). Moreover, it is important to notice that the efficacy of the nanoparticled

increased over the time of study, showing better results in the third week post-treatment

than in the first week after treatment. Reduction of splenic Brucella three weeks after the

treatment with 4 doses of 752H PLGA nanoparticles proved as effective as that obtained by

14 doses of gentamicin and doxycycline (3 log10 unit reduction) but with a cure rate of 50%

instead of the 17% achieved by the combined therapy, and without the toxicity problems of

this therapy.

In summary, the gentamicin-AOT PLGA nanoparticles developed have demonstrated

promising properties to overcome the aforementioned problems associated with current

brucellosis treatment, such as the high dosing frequency, need for antibiotic combinations,

related toxicity and poor treatment adherence, and therefore present a great therapeutic

potential for the treatment of human brucellosis. One would expect that longer therapeutic

regimens with the nanoparticles might bring to light better therapeutic outcomes. Moreover,

the nanoparticles developed could also serve as platforms for the encapsulation of other

antibiotics and be used for the treatment of other intracellular bacterial infections.
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CONCLUSIONS

The experimental work compiled in this dissertation has focused on the development

of hydrophobic gentamicin loaded polymeric nanoparticles for the treatment of intracellular

bacterial infections. The results obtained allow us to draw the following conclusions:

1. The hydrophobic ion pairing of gentamicin with the anionic surfactant AOT allowed

its micronization by a supercritical fluid based technology and its encapsulation in

PLGA NPs by the single emulsion solvent evaporation method. The nanosystems have

a size of 300 nm and a 100% encapsulation efficiency. The bactericidal activity of the

antibiotic is not affected either by the supercritical fluid technology or by the

encapsulation method.

2. Gentamicin-AOT release from the nanoparticles is influenced by both the PLGA

copolymer type used and the inicial drug amount in the formulation, being faster for

nanoparticles formulated with lower drug loadings and with PLGA copolymers

containing a higher proportion of glycolic acid monomers.

3. The hydrophobic modification and subsequent encapsulation of gentamicin,

especially in PLGA 752H nanoparticles, allowed the antibiotic to accumulate faster

and reach higher levels inside phagocytic cells and altered its subcellular distribution,

increasing gentamicin cytoplasmic accumulation. None of the formulations developed

produced a cytotoxic effect in monocytic-macrophagic cells.

4. The enhanced cellular accumulation and broader subcellular distrubution achieved

by the gentamicin-AOT formulations improved gentamicins’s intracellular activity

against virulent strains of Staphylococcus aureus, Listeria monocytogenes and Brucella

melitensis. PLGA 752H nanoparticles presented a significantly better intracellular

activity than the other formulations, suggesting a higher potential for their in vivo

application. Moreover, the time- and concentration-dependent character of the

bactericidal activity of gentamicin was confirmed.

5. Pharmacokinetics studies revealed a higher liver and spleen distribution (the target

organs of Brucella) and a lower kidney accumulation of the drug (avoiding the
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nephrotoxicity caused by the free antibiotic) after its modification and encapsulation.

The sustained therapeutic levels achieved in the liver and spleen by the

nanoencapsulated gentamicin-AOT made it possible to decrease the number of doses

to be administered during a therapeutic regimen.

6. In contrast to gentamicin, after a two week course of treatment, neither

microstructured gentamicin-AOT nor gentamicin-AOT loaded nanoparticles produced

toxicity.

7. In a murine model of chronic infection of Brucella melitensis, gentamicin-AOT 752H

nanoparticles proved more effective in eliminating the splenic infection than free

gentamicin or the combination of gentamicin and doxycycline, at three weeks post-

treatment. At that time, 50% of the infected animals achieved complete remission

with the nanoparticle treatment.
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CONCLUSIONES

El trabajo experimental recogido en la presente memoria tiene como fin el desarrollo

de nanopartículas poliméricas conteniendo un derivado hidrofóbico de la gentamicina para el

tratamiento de enfermedades producidas por bacterias intracelulares. Los resultados

obtenidos nos permiten extraer las siguientes conclusiones:

1. La formación de un par iónico entre la gentamicina y el surfactante aniónico AOT

permite su micronización mediante la tecnología de fluídos supercríticos y su

encapsulación en nanosistemas. Las nanopartículas de PLGA con gentamicina-AOT,

preparadas mediante el método de evaporación del solvente tras la formación de una

emulsión simple, mostraron una eficacia de encapsulación del 100% y un tamaño de

300 nm. Los procesos implicados en la preparación no afectaron a la actividad

bactericida del antibiótico.

2. El copolímero de PLGA empleado en la formulación de las nanopartículas así como la

cantidad inicial de fármaco introducida en ellas influye en la liberación de

gentamicina-AOT desde las mismas. La liberación es más rápida en el caso de las

nanopartículas preparadas con menor cantidad de fármaco y con copolímeros que

contienen una mayor proporción de monómeros de ácido glicólico.

3. La modificación y encapsulación de la gentamicina, particularmente en

nanopartículas de PLGA 752H, produce una acumulación mayor y más rápida del

fármaco en células fagocíticas. Las nanopartículas alteran la distribución subcelular

del antibiótico, aumentando su acumulación en el citoplasma celular. Ninguna de las

formulaciones desarrolladas produjo citotoxicidad en células de tipo monocito-

macrófago.

4. La mayor acumulación y mejor distribución celular obtenidas con la gentamicina-AOT

encapsulada mejora su actividad intracelular frente a cepas virulentas de

Staphylococcus aureus, Listeria monocytogenes y Brucella melitensis. Las

nanopartículas de PLGA 752H presentan mayor actividad intracelular que el resto de

formulaciones, lo que justifica su elección para estudiarla in vivo. Además, al igual que
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para la gentamicina libre, se observó que la actividad bactericida de la gentamicina-

AOT también es tiempo- y dosis-dependiente.

5. Los estudios farmacocinéticos realizados tras la administración de las nanopartículas

a ratones, revelaron una mayor distribución del fármaco en el hígado y en el bazo,

órganos diana de Brucella, y una menor acumulación en riñón lo que evita la toxicidad

renal que se observa cuando se administra el antibiótico libre. Por otra parte, los

niveles terapéuticos que el fármaco alcanza en hígado y bazo son sostenidos en el

tiempo lo que permitiría disminuir el número de dosis requeridos en un regimen

terapéutico.

6. Tras dos semanas de tratamiento ni la gentamicina-AOT libre ni la encapsulada

producen toxicidad, a diferencia de lo que se observa con la gentamicina.

7. En un modelo murino de infección crónica por Brucella melitensis, las nanopartículas

de PLGA 752H conteniendo gentamicina-AOT fueron más efectivas en la eliminación

de la infección esplénica que la gentamicina libre o la combinación gentamicina-

doxiciclina. Tres semanas después de finalizado el tratamiento con las nanopartículas,

el 50% de los animales infectados mostraron una remisión total de la infección.
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FUTURE PERSPETIVES

The present study provides encouraging results in the field of the treatment of

intracellular bacterial infections and more concretely in the treatment of human brucellosis.

However, there are still a number of obstacles to be overcome, such as the need for

parenteral administration of the nanoparticles. The convenience of the treatment and

patients adherence to the treatment should always be taken into account when evaluating

alternative treatment approaches, and so future research should be directed to developing

gentamicin-AOT loaded polymeric nanoparticles for oral administration.

PERSPECTIVAS FUTURAS

El presente estudio proporciona resultados prometedores en el tratamiento de las

infecciones producidas por bacterias intracelulares y más concretamente en el tratamiento

de la brucelosis humana. Sin embargo, todavía hay una serie de obstáculos a superar, como es

la necesidad de la administración intravenosa de las nanopartículas. La conveniencia del

tratamiento y la adherencia de los pacientes al mismo es un factor que ha de tenerse en

cuenta al evaluar los posibles tratamientos alternativos y por lo tanto, las investigaciones

futuras deberían dirigirse al desarrollo de nanopartículas poliméricas conteniendo

gentamicina AOT que permitan administrar el antibiótico por vía oral.
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