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Abstract 
Gentamicin is an aminoglycoside antibiotic with a wide spectrum of anti-bacterial activity, but however, due to its high solubility in water, it 
poorly penetrates inside the cells. This major inconvenient constitutes an important challenge for the treatment of intracellular bacterial 
infections, which might be solved using appropriate delivery systems for the targeted release of the bioactive agents at the intracellular 
sites of infection. Thus, in the case of antibiotics, the use drug delivery systems may contribute to increase their therapeutic activity against 
intracellular pathogens. This paper presents an efficient polymeric delivery system for the intracellular release of gentamicin based on 
bacterial polysaccharides. 
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 Introduction 

Biodegradable polymers have been extensively studied 
for the fabrication of drug delivery systems over the past 
few decades [1]. The most studied polymers for such 
applications are poly(D,L-lactide), poly(lactic acid) (PLA), 
poly(D,L-glycolide) (PLG), poly(D,L-lactide-co-glycolide) 
(PLGA), and poly-cyanoacrylate (PCA) [2]. 

Delivery systems based on polysaccharides are designed 
for the release of the drug at the site of action for a long 
period of time, so that therapeutic doses can be reduced 
considerably [3]. On the other hand, different forms of 
delivery systems are able to reduce fluctuations of drug 
substance concentrations in plasma, in order to obtain 
an effective pharmacological response [4]. The usage of 
targeted delivery systems could allow the achievement of 
a controlled and prolonged release of some medications, 
for maximum therapeutic efficiency and minimal side 
effects. 

Limited cellular penetration reduces the effectiveness 
of many antimicrobial treatments, such as tetracyclines, 
cephalosporins, penicillins and aminoglycosides [5]. 

Gentamicin exhibits bactericidal activity against a 
broad spectrum of microorganisms including Pseudomonas 
(P.) aeruginosa, Staphylococcus (S.) aureus and some 
members of Enterobacteriaceae family [6]. Similar to 

other aminoglycoside antibiotics, gentamicin exhibits 
concentration-dependent bactericidal activity and a pro-
longed post-antibiotic effect [7]. Because of its polar 
nature, the oral absorption rate and the tissue penetration 
of gentamicin is poor and it is excluded from most cells 
[7]. In this case, appropriate drug delivery systems may 
increase the therapeutic activity of antibiotics in intra-
cellular locations [8]. Until now, it was proved that many 
of the drug delivery systems, based on biodegradable 
polymers (e.g., PLGA, chitosan, polybutylcyanoacrylate) 
improved the intracellular uptake of different antibiotics, 
such as isoniazid [9], cefotaxime [5], streptomycin [10], 
or gentamicin [11–15]. Prior et al. demonstrated the 
effectiveness of chitosan in the intracellular release of 
tetracycline against S. aureus [16]. 

Efficiency of polysaccharidic polymers in delivering 
intracellular pharmacologically active compounds has been 
extensively studied also in relation to the anti-tumoral 
drugs [17, 18] and non-viral transfection [19]. 

These studies demonstrated the effectiveness of 
polysaccharide polymers such as developing new carrier 
molecules for the transport and controlled release and 
targeted antibiotics. 

The purpose of this paper was to investigate the 
efficiency of some new delivery systems based on 
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bacterial polysaccharides extracted from Klebsiella and 
Pseudomonas aeruginosa strains loaded with gentamicin 
against intracellular pathogens. 

 Materials and Methods 

Microbial strains 

For exopolysaccharides fraction extractions, clinical 
isolates of K. pneumoniae and P. aeruginosa strains were 
used. The strains were isolated from patients with different 
diseases hospitalized between 2009–2011 at the “Prof. Dr. 
Constantin C. Iliescu” Emergency Institute for Cardio-
vascular Diseases, Bucharest, Romania. 

The efficiency of polysaccharidic microcapsules loaded 
with gentamicin on intracellular bacterial pathogens was 
studied against eight L. monocytogenes, one P. aeruginosa 
and seven E. coli strains from the collection of the 
Department of Microbiology, Faculty of Biology, University 
of Bucharest, previously tested for their invasive pro-
perties. 

Drug delivery design 

The exopolysaccharidic fractions were extracted from 
K. pneumoniae (K742, K800) and P. aeruginosa (P568) 
strains using Ojea-Jiménez et al. [20] modified method 
and characterized by FTIR (Fourier transform infrared 
spectroscopy), SEM (scanning electron microscopy) and 
XRD (X-ray diffraction) according to our previously 
published paper [21]. For polysaccharidic microcapsules 
loading, gentamicin was adsorbed on the polysaccharidic 
support by co-solubilization, followed by grinding the 
obtained material after evaporation of the solvent at a 
final concentration of 10% (100 mg of polysaccharides 
mixture contains 90 mg polysaccharides and 10 mg of 
antibiotic). Polysaccharides and gentamicin were mixed 
with 2 mL of ultrapure water until its complete evaporation 
at 400C. Hybrid systems were refrigerated until use. 

The invasion capacity assay was performed by 
Cravioto’s adapted method [22, 23] for the quantification 
of the intracellular, invasive bacteria after the removal of 
the extracellular ones. Briefly, the HeLa cell monolayers 
(at 70–80% confluence) grown in 6-well plates (Nunc) 
were washed three times with phosphate-buffered saline 
(PBS) and 1 mL of fresh DMEM (Dulbecco’s Modified 
Eagle’s Medium, Sigma) without antibiotics was added to 
each well. The tested strains grown on solid medium were 
suspended in PBS to an optical density of 0.5 McFarland 
(~108 colony-forming units (CFU)/mL) and 1 mL was used 
to inoculate three wells/strain. The inoculated plates were 
incubated for two hours at 370C. After the incubation 
period, one sample for each strain was treated with 
500 μL/well of 100 μg/mL gentamicin solution prepared 
in PBS, in order to kill the extracellular bacteria, and the 
second well with 500 μL/well of 100 μg/mL gentamicin 
encapsulated in the bacterial polysaccharidic micro-
capsules. The third set of wells was maintained in standard 
conditions (in the initial culture medium). The plates 
were further incubated for another hour in the same 
conditions. After incubation, plates were washed three 
times with PBS and permeabilized with 0.1% Triton X-
100 (Sigma) for five minutes at 370C. Serial dilutions  

of suspended cells harvested from the plate wells were 
seeded on solid media (casein soy agar) (three technical 
replicates/dilution) in order to establish the invasion 
indexes (CFU/mL). 

Fluorescence microscopy 

Eukaryotic cells modifications induced by the bacterial 
polysaccharides loaded with gentamicin were highlighted 
by fluorescent staining with propidium iodide (PI). The 
obtained preparations were visualized by fluorescence 
microscopy (AxioLab, Carl Zeiss) using the immersion 
objective (×100) and wavelength channel of 546 nm (red). 

 Results 

The purpose of this study was to evaluate the 
effectiveness of polymeric microcapsules loaded with 
the gentamicin antibiotic using a culture-based method 
for assessing the bacterial invasion in the presence of 
gentamicin alone and encapsulated drug. The FTIR 
spectroscopy analysis performed comparatively on the 
polysaccharides and respectively, on microcapsules loaded 
with gentamicin has proved that the antibiotic was loaded 
successfully, without affecting its structure, while scanning 
electron microscopy images revealed the homogeneity 
of the microcapsules that do not exceed 30 μm [20]. 

Gram-positive and Gram-negative bacterial strains 
of L. monocytogenes, E. coli, P. aeruginosa previously 
characterized for their invasion capacity were analyzed 
using quantitative and qualitative methods. The tested 
bacterial strains succeeded to invade the cellular substratum 
with different rates, but in the presence of gentamicin 
encapsulated in the polymeric microcapsules, the invasive 
viable cell counts decreased significantly, which demon-
strates that by encapsulation, gentamicin, an antibiotic 
acting on extracellular bacteria, can be “delivered” inside 
of eukaryotic cells, becoming efficient on internalized 
bacteria (Figures 1–3). 

All tested microcapsules encapsulated with gentamicin 
were efficient against the analyzed strains. Moreover, a 
total suppression of invasion capacity in the presence of 
gentamicin incorporated in K742, K800, P568 poly-
saccharidic microcapsules was found in 53.5%, 61.5% 
and respectively, 80% of the analyzed strains. The K742 
and K800 microcapsules loaded with gentamicin totally 
inhibited the invasion capacity of four Listeria sp. and 
three E. coli strains (Figures 1 and 2), while P568 blocked 
the invasion of Listeria sp. strains (Figure 3). 

The internalization of gentamicin-loaded microcapsules 
into the mammalian cells was also sustained by the 
cellular morphology changes produced by the bacterial 
polysaccharides on HeLa cells, revealed by fluorescence 
staining. The presence of polysaccharides induced fine 
cytoplasmic extensions, a consequence of cellular events, 
as actin cytoskeleton reorganization and the presence of 
vacuoles in the cytoplasm, witnessing the stimulation of 
endocytosis (Figures 4 and 5). 

These data revealing the entrance of microcapsules 
into the cells, and corroborate with the reduced number of 
invasive viable cell counts, demonstrating the effectiveness 
of the encapsulated gentamicin against intracellular 
microorganisms. 
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Figure 1 – The graphic represen-
tation of the effectiveness of 
gentamicin incorporated in 

microcapsules of K. pneumoniae 
742 polysaccharide versus 
gentamicin solution. L.m.:  

Listeria monocytogenes; P.a.: 
Pseudomonas aeruginosa;  

E.c.: Escherichia coli. 

 

Figure 2 – The graphic represen-
tation of the effectiveness of 
gentamicin incorporated in 

microcapsules of K. pneumoniae 
800 polysaccharide versus 
gentamicin solution. L.m.:  

Listeria monocytogenes; P.a.: 
Pseudomonas aeruginosa;  

E.c.: Escherichia coli. 

 

Figure 3 – The graphic representation 
of the effectiveness of gentamicin 
incorporated in microcapsules of 

P. aeruginosa P568 polysaccharide 
versus gentamicin solution. L.m.: 

Listeria monocytogenes. 

 

Figure 4 – Propidium iodide (PI) fluorescence staining 
image representing HeLa cells in contact with the 
tested polysaccharides highlighting the fine cytoplasmic 
extensions and the presence of vacuoles in the cyto-
plasm (×1000). 

Figure 5 – PI fluorescence staining image representing 
HeLa cells in contact with gentamicin loaded K800 poly-
saccharide outlining intracellular deposits of micro-
capsules (×1000). 
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 Discussion 

Treatment of intracellular bacterial infections continues 
to be a medical challenge. Pathogens succeed to enter, 
survive, and some of them even multiply inside the 
mammalian cells, either phagocytic or non-phagocytic, 
cells where they are protected and escape from the humoral 
or cellular defense mechanisms of the host [24]. Internalized 
bacteria are also protected by antibiotic treatment because 
not all antibiotics could penetrate the cell. Being metabo-
lically active, bacteria survive, and also could develop and 
spread antibiotic resistance [25]. It is absolutely necessary 
in these conditions to increase the efficiency of current 
antibiotics in the intracellular environment. Although a 
wide range of antibiotics are currently available, in fact 
many of them are not suitable for these pathogens because 
of their slow penetration, or their incapacity to exhibit 
optimal activity due to the physico-chemical conditions 
offered by the intracellular environments [26]. 

In this sense, the research studies are focused on 
finding some delivery systems for the delivery of the drugs 
directly into the target cells, eliminate the penetration 
problems on the one hand, and on the other hand to 
improve drug absorption, so thereby enable administration 
of lower doses and therefore limit adverse effects. 

Until now, some natural and synthetic polymers proved 
to be efficient for encapsulating some antibiotics. Previous 
studies have shown that chitosan-coated plastic films, alone 
or loaded with antimicrobial agents, were effective against 
L. monocytogenes [27]. Liposomes containing DOPE 
(dioleylphosphatidylethanolamine) loaded with gentamicin 
proved to increase bactericidal activity against L. mono-
cytogenes in mouse macrophages [27]. Other studies also 
found that gentamicin-loaded poly(D,L-lactide-co-gly-
colide) (PLGA) could be an alternative for the treatment 
of brucellosis, another intracellular infections [28, 29], 
this modality of aminoglycosides delivery being considered 
a better therapeutic approach in human brucellosis treat-
ment for the past years [30]. 

Our results also seem to be promising, the micro-
capsules obtained from different bacterial species poly-
saccharides and loaded with gentamicin being efficient 
against the invasive bacterial cells belonging to different 
species. A possible explanation could be the stimulation 
of the endocytosis of the microcapsules loaded with anti-
biotic by the host cells, due tot he presence of the LPS, 
followed by the release of the antibiotic inside the cell 
and killing intracellular bacteria (Figure 6). 

 
Figure 6 – Schematic representation of the proposed 
mechanism of intracellular delivery of gentamicin by 
the polymeric microcapsules. 

 Conclusions 

Both microscopy images and quantitative measurements 
of invasive bacterial cells demonstrate the internalization 
of the gentamicin-loaded polysaccharidic microcapsules 
and the effectiveness of the antibiotic against invasive 
intracellular bacteria. These results are promising and 
support the usefulness of these polysaccharidic compounds 
with bacterial origin for the design and optimization of 
new drug delivery systems for the controlled release of 
antibiotics in the intracellular environment. 
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