


Nanoscale Horizons 

COMMUNICATION 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 1 

Please do not adjust margins 

Please do not adjust margins 

Received 00th January 20xx, 

Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

A programmable lipid-polymer hybrid nanoparticle system for 

localized, sustained antibiotic delivery to Gram-positive and 

Gram-negative bacterial biofilms  

Jong-Suep Baek,a,† Chuan Hao Tan,a,b,† Noele Kai Jing Ng,b Yee Phan Yeo,b,c Scott A. Rice,b,c,d and 
Say Chye Joachim Looa,b,#

Bacteria enmeshed in an extracellular matrix, biofilms, exhibit 

enhanced antibiotic tolerance. Coupled with the rapid emergence 

of multidrug-resistant strains, the current cohorts of antibiotics 

are becoming ineffective. Alternative antimicrobial approaches 

are therefore urgently needed to overcome recalcitrant biofilm 

infections. Here, we propose the use of a non-toxic lipid-polymer 

hybrid nanoparticle (LPN) system composed of a solid polymer 

core (i.e. PLGA; Poly Lactic-co-Glycolic Acid) and a cationic lipid 

shell (i.e. DOTAP) for localized, sustained release of antimicrobial 

agents to bacterial biofilms. LPNs were synthesized through a 

simple, robust self-assembly approach. LPNs of uniform particle 

size (i.e. 100-130 nm), efficiently encapsulated (up to 95%) 

bioimaging molecules or antibiotics and provided controlled 

release of the latter. The cationic lipid coating enabled the LPN to 

anchor onto surfaces of a diverse range of Gram-positive and 

Gram-negative bacterial pathogens, either in the planktonic or 

biofilm form. Consistently, the LPN formulations reduced more 

than 95% of biofilm activity at concentrations that were 8 to 32-

fold lower than free antibiotics. These data clearly indicate that 

these novel formulations could be a useful strategy to enhance 

the efficacy of antimicrobials against planktonic cells and biofilms 

of diverse species. 

Introduction 

Microbial infection is emerging as one of the most deadly infectious 
diseases due to the rapid evolution of antimicrobial tolerant and 
resistant strains

1
. The National Institute of Health (NIH) estimated 

that 65-80% of the microbial infections occurring in the human 
body are biofilm-mediated. Biofilms are represented as 
structured groups of bacterial cells housed within self-secreted 
extracellular matrix

2
. This biopolymeric matrix provides 

numerous fitness benefits to bacteria, including protection 
from environmental stresses, enhanced nutrient availability 
and increased resilience via phenotypic diversification

3, 4
. Thus, 

the biofilm mode of growth is generally recognized as an 
adaptive survival mechanism that allows bacteria to thrive in 
many environments. 

Several mechanisms have been identified for biofilm-mediated 
antimicrobial resistance and tolerance

5, 6
. Clinical studies suggest 

that the biofilm matrix is the key defending barrier responsible 
not only for shielding bacteria from the immune phagocytic 
cells, but also for protecting them from antibiotics by reducing 
the diffusivity of antimicrobial agents into the biofilms

6
. 

Antimicrobial agents can also be inactivated via binding to 
biofilm matrix components or by extracellular enzymatic 
degradation. Bacteria growing within a biofilm matrix can 
become physiologically stratified, where some cells have lower 
metabolic activities, rendering bacterial cells less susceptible 
to certain antibiotics and hence leading to recalcitrant 
infections

7-9
. The high density of bacteria within biofilms, on 

the other hand, provides an ideal niche for horizontal gene 
transfer, allowing the transmission of resistance genes across 
different species and thus contributing to the development of 
multidrug-resistant strains

10
. Although the conventional use of 

antibiotics has been highly successful in combating bacterial 
infections in the last century, innovative strategies are now 
urgently needed to treat biofilm-mediated infections.   

Nanoparticle-based antimicrobial delivery is one possible 
approach that has been widely explored to manage biofilm 
infections

11-16
. Advantages of nanoparticle delivery systems 

include enhanced drug solubility, tuneable drug release, 
multiple drug co-delivery, reduced systemic toxicity and 
targeted drug delivery

11
. It is hypothesized that an efficient 

antimicrobial delivery system will not only enhance the 
therapeutic potency of antimicrobials but will also be a 
practical and sustainable solution to mitigate the emergence 
and development of drug resistance

11
. Liposomal and 

polymeric nanoparticles are among the most commonly used 
carriers for antimicrobial delivery owing to their 
biocompatibility, versatility for surface modification, and 
capability to encapsulate diverse range of small hydrophobic 
and hydrophilic molecules

11, 15-22
. Liposomal formulations are 

particularly primed for their ability to fuse with bacterial outer 
membrane to deliver antibiotics directly to the interior of 
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bacteria (e.g. Fluidosomes
TM

), while polymeric encapsulation 
strategies allow for sustained and controlled drug release

17
. 

Despite the attractive features for antimicrobial treatment, the 
development of liposomal formulations is constrained by its 
packaging stability, low drug loading efficiency, scalability and 
costly production

15
. In comparison, polymeric formulations 

have limited affinity for bacterial cells/biofilms, low biofilm 
penetration and are ineffective in the encapsulation of 
hydrophilic molecules

17
. The concept of hybridizing liposomal 

and polymeric systems, which would synergize the biofilm 
binding affinity of liposomes and the structural integrity 
afforded by the core polymer, is thus appealing as a promising, 
next-generation anti-biofilm drug carrier. 

In this study, we have developed a highly programmable, 
reproducible and scalable lipid-polymer hybrid nanoparticle 
(LPN) system via a simple and economical emulsion approach. 
The LPNs (i.e. PLGA/DOTAP) were able to bind to a diverse 
range of bacterial species, including both Gram-negative and 
Gram-positive pathogens in either planktonic or biofilm mode 
with superior affinity compared to the PLGA nanoparticles. 
These LPNs were highly uniform in size with an ideal biofilm 
penetrating dimension of 100-130 nm, capable of entrapping 
different antibiotics at high drug loading efficiencies, and with 
sustained and controlled releasing features. Compared to the 
free antibiotics, the lipid-polymer formulations achieved a 
remarkable decrease in MICs as well as a significant increase in 
biofilm inhibition regardless of the bacterial species. This 
highlights the potential of LPN system for antimicrobials 
delivery against recalcitrant bacterial biofilms. 

Experimental section 

Materials 

PLGA (lactide:glycolide molar ratio 50:50, Intrinsic viscosity: 
1.18) was purchased from Purac. DOTAP and DSPE-PEG were 
purchased from Avanti Polar Lipids (Alabaster, AL, USA). All 
antibiotics and lecithin were purchased from Sigma-Aldrich. 
Additional chemicals were obtained commercially at analytical 
grade.  

Bacterial Strains 

Streptococcus thermophilus LMD-9, Enterococcus faecalis 
OG1RF, Staphylococcus aureus ATCC25923, Staphylococcus 

aureus USA300, Escherichia coli BL21, Escherichia coli UTI89, 
Pantoea stewartii R067d and Pseudomonas aeruginosa PAO1 
(Table 1) were routinely maintained in tryptic soy broth (TSB) 
or agar (TSA; 1.5% w/v) (Oxoid, UK). P. stewartii R067d was 
cultivated at 30°C for 24 h while other bacteria were grown at 
37°C for 24 h.  

Table 1. Characterization of bacterial strains. 

Fabrication of Lipid-Polymer Hybrid Nanoparticles 

Encapsulation of free antibiotics in LPN was performed using a 
self-assembly method. In brief, 30 mg PLGA and a smaller 
quantity (1.0 - 3.3 mg) of cationic lipid were dissolved in 1 mL 
acetone solvent. A total of 100 μL antibiotics (20 mg/mL) 
solution was mixed with the acetone solution. Next, the 
polymer solution was added dropwise into a 20 mL aqueous 
solution containing lipid-PEG (e.g. DSPE-PEG5K) and lecithin 
under ultra-sonication for 10 s. The nanoparticles formed 
instantly upon mixing. Residual acetone in the suspension was 
evaporated by a continuous stirring of the suspension at room 
temperature for 4 h. Nanoparticles were washed three times 
in distilled water in Amicon tubes (MWCO 100 kDa; Millipore) 
to remove any remaining organic solvent and free antibiotics 
before concentrating in phosphate buffered saline (PBS) 
solution. 

Characterization of Lipid-Polymer Hybrid Nanoparticles 

The field emission scanning electron microscopy (FESEM 
6340F) was used to analyze the morphology of LPNs. Briefly, 
freeze-dried LPNs were uniformly mounted onto metal stubs 
and sputter coated with gold. Transmission electron 
microscopy (TEM, JEOL 2100F) was used to observe shell/core 
structure of PLGA/DOTAP nanoparticles. TEM samples were 
prepared by the addition of the nanoparticle solution onto a 
hydrophilic Formvar-coated copper grid for 3 min. Particle size 
and polydispersity indices were determined by dynamic light 
scattering (DLS) using HORIBA Nano Particle Analyzer SZ-100. 
Prior to DLS, the LPNs were suspended in dH2O and 
ultrasonicated for 10 s to disperse the LPNs uniformly. 

Release Profile of Lipid-Polymer Hybrid Nanoparticles 

In vitro release studies of different formulations were 
evaluated using a dialysis bag (molecular weight cut-off of 
7000 (Membra-Cel; Viskase, Inc., Chicago, IL, USA)) filled with 
LPNs (10 mg). The dialysis bag was then immersed in PBS (pH 
7.4, 20 mL) or TSB (pH 7.2, 20 mL). The release medium (5 mL) 
was collected and replaced with the same volume of fresh 
medium at pre-determined time points. The amount of the 
released drug was measured by HPLC system. 

Determination of Binding Affinity using Fluorescent Dye 

Labeling 

To determine the binding affinity of LPN, antibiotic was 
replaced with propidium iodide (PI) for encapsulation in LPNs. 
It is assumed here that the amount of PI-labelled nanoparticle 
attached to the bacteria is equivalent to the binding efficiency 
of the nanoparticles to the bacteria. For planktonic cells, 180 
uL of an overnight culture (i.e. ~ 1-5x10

9
 cells/mL) was co-

incubated with 20 uL of LPN (272 uM PI) in 100 mg/mL 
nanoparticles) for 4 h at 30°C or 37°C. All cultures were 
counterstained by Syto9. The labeling efficiency of bacteria 
was examined under a confocal laser scanning microscope 
(CLSM) (Zeiss LSM 780, Carl Zeiss Singapore) at 
excitation/emission wavelengths of 480/500 nm and 490/635 
nm for Syto9 and PI, respectively. The binding affinity of 
nanoparticles to the bacteria was determined by normalizing 
the number of bacteria labeled with PI over the total number 
of bacteria labeled with Syto9. For biofilm study, a 24 h biofilm 
culture was pre-established on an 8-well glass chamber prior 
to exposure to the nanoparticles, and subsequently viewed 
under CLSM. 
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Viability Assay for Planktonic Cultures 

Free or nanoparticle-encapsulated antibiotics were prepared 
in serial concentrations using TSB. The initial concentration of 
antibiotics encapsulated in LPNs was determined by HPLC. An 
appropriate dilution of planktonic culture was added to the 
antibiotic suspensions to a final bacterial concentration of 
8x10

6
 cells/mL. Bacteria were exposed to the antibiotics for 24 

h and the bacterial density was determined at optical density 
600 nm (OD600). The minimum inhibitory concentration (MIC) 
was defined as the antibiotic concentration where no visible 
bacterial growth was observed or the OD600 was <5% 
compared to the untreated control after 24 h of antibiotic 
exposure.  
 

Viability Assay for Biofilm Cultures 

Actively growing biofilms for S. aureus USA300 and E. fecaelis 

OG1RF were pre-established in a 96-well plate by seeding 200 
uL of bacterial culture at a final bacterial density of 8x10

6
 

cells/mL for 8 h. E. coli UTI89 biofilms were established on a 
PEG-lid for 48 h. The spent liquid medium was discarded and 
the biofilms was washed gently using TSB to remove the 
planktonic bacteria. Free or nanoparticle-encapsulated 
antibiotics prepared in serial concentrations in TSB was added 
to the biofilms and incubated for 16 h at 37°C. The initial 
concentration of antibiotics encapsulated in LPNs was 
determined by HPLC. The viability of bacterial biofilms was 
assessed based on the ATP content of the biofilms using the 
BacTiter-Glo microbial cell viability assay (Promega, 
Singapore), according to the manufacturer’s instructions. 
Briefly, the spent liquid medium was removed and 200 uL of 
diluted reagent was added immediately to each well.  The 
plate was incubated with constant shaking (i.e. 200 rpm) for 10 
min at room temperature. A total of 150 uL liquid suspension 
was transferred to a white 96-well plate for luminescence 
measurement. Minimum metabolic inhibitory concentration 
(MMIC) was defined as >95% reduction in biofilm ATP content 
compared to the untreated control after 16 h of antibiotic 
exposure. 

Results and Discussion 

Fabrication and Characterization of Lipid-Polymer Hybrid 

Nanoparticles 

In this study, LPN was prepared through a simple, economical, 
single step technique. LPN can be consisted of polymer and 
lipid, forming a core/shell structure while the polymer/lipid 
ratio can be modified to achieve different particle size and 
release profile for different purposes (data not shown). Here, 
we have extended this approach to load the DOTAP-modified 
PLGA nanoparticles with different antibiotics. The organic 
acetone solution consisting of cationic lipid (i.e. DOTAP) and 
PLGA polymer was mixed with an aqueous solution containing 
lecithin and lipid-PEG. Upon mixing, the PLGA polymer was co-
precipitated to form a solid nanoparticle core that is 
enveloped by a lecithin/lipid-PEG shell. PLGA nanoparticles 
were ~90 nm in size (Fig. 1), while PLGA/DOTAP nanoparticles 
showed a slight increase in particle size (i.e. ~110 nm), due to 
the lipid coating (Fig. 1c). Both PLGA and PLGA/DOTAP 
nanoparticles were spherical in shape. With DOTAP as the 
surface cationic lipid coating, PLGA/DOTAP nanoparticles 
exhibited a positively charged zeta potential (i.e. 15.2 ± 3.6 
mV), while a negative zeta potential (i.e. -19.2 ± 3.6 mV) was 

measured for naked PLGA nanoparticles. This suggests that the 
cationic DOTAP lipid molecules were coated onto the surface 
of the PLGA nanoparticles. 

Fig. 1. Physicochemical properties of PLGA nanoparticles and 
PLGA/DOTAP nanoparticles.  SEM images of (a) PLGA nanoparticles 
and (b) PLGA/DOTAP nanoparticles. (c) TEM image of PLGA/DOTAP 
nanoparticles. (d) Dynamic Laser Scattering of PLGA nanoparticles and 
PLGA/DOTAP nanoparticles. (e) Zeta potential of PLGA nanoparticles 
and PLGA/DOTAP nanoparticles. 

 

Bacteria Tagging by Lipid-Polymer Hybrid Nanoparticles 

To determine the binding affinity of PLGA and PLGA/DOTAP 
nanoparticles to bacteria, propidium iodide (PI) encapsulated 
nanoparticles were prepared, and introduced to planktonic 
cells of S. thermophilus LMD-9 (Fig. 2). PI is generally 
recognized as an indicator of cell viability, by staining bacteria 
whose membranes are compromised

28
. Consistent with this, 

free PI was not able to stain any viable bacteria even in the 
presence of the blank PLGA or PLGA/DOTAP nanoparticles (Fig. 
2ai and bi; as negative controls). This suggests that neither the 
PLGA nor the DOTAP disrupt membrane integrity. In contrast, 
PI encased in either PLGA or PLGA/DOTAP nanoparticles could 
stain the live bacteria uniformly, with the latter resulting in 
considerably higher PI intensity of the bacterial cells (Fig. 2aii 
and bii). The increased PI intensity was likely attributed to the 
aggregation of the PLGA/DOTAP nanoparticles around the 
bacteria (Fig. 2c), due to charge-charge interaction between 
the positive DOTAP and the negative polyteichoic acid 
component of the Gram-positive bacterial cell wall

17, 29
. It is 

also possible that some bacterial cells may uptake the 
nanoparticles or the nanoparticles may penetrate the bacterial 
cell envelope to certain extent, resulting in the increased PI 
intensity within the cells. However, this remains to be further 
confirmed experimentally. 
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PLGA/DOTAP nanoparticles were also able to bind with 
high affinity, to a wide range of bacterial species, including E. 

faecalis OG1RF, S. aureus ATCC25923 and S. aureus USA300, as 
well as the Gram negative bacteria E. coli BL21 and P. stewartii 
R067d (Fig. 3). P. aeruginosa PAO1 was the only species 
examined that could not be efficiently labelled with the 
PLGA/DOTAP nanoparticles, for reasons yet to be determined. 
It was previously reported that different strains of P. 

aeruginosa might interact with DOTAP containing liposomes to 
different extent of affinity, depending on the outer membrane 
protein composition

29
. While the staining efficiency of 

PLGA/DOTAP nanoparticles for P. aeruginosa PAO1 was low, it 
was higher than that of naked PLGA nanoparticles. Overall, it is 
evident that the DOTAP coating enhanced the binding affinity 
of PLGA nanoparticles onto bacterial cells and possibly, 
increased the penetrability of nanoparticles in a species 
independent fashion. 
  

 
 

Fig. 2. Lipid coating (i.e. DOTAP) enhanced the binding affinity of PLGA 
nanoparticles to planktonic bacteria. The binding affinity of PLGA (a) 
and PLGA/DOTAP (b) nanoparticles to S. thermophilus LMD-9, was 
determined. The bacterial culture was incubated with propidium 
iodide (PI) in the presence of blank nanoparticles (i) or with PI 
encapsulated nanoparticles (ii), together with Syto9, for 4 h at 37°C 
prior to imaging by confocal laser scanning microscope (CLSM). Close-
up views of PI encapsulated PLGA/DOTAP and Syto9 co-staining for S. 

thermophilus LMD-9 (c). The top, middle and bottom panels represent 
the images of PI, Syto9 and the PI+Syto9 overlay, respectively. Scale 
bar:  20 um (a-b) and 5 um (c). 
 

In addition to the planktonic bacteria, the binding capacity 
of nanoparticles to bacterial biofilms was also investigated (Fig. 
4). Similar to the planktonic culture, PLGA/DOTAP 
nanoparticles appeared to bind to E. faecalis OG1RF and S. 

aureus USA300 biofilms with affinity higher than naked PLGA 
nanoparticles. The enhanced PI intensity appeared to be a 
consequence of accumulation of PLGA/DOTAP nanoparticles 
around the biofilms. However, it remains unclear if the 
increased binding efficiency was solely due to the attachment 

of nanoparticles to the biofilm matrix or bacterial cells, or both. 
Besides particle adsorption, the penetrability of the 
nanoparticles into biofilms is also crucial in determining the 
potency of a delivery system

30
. Forier et al. reported that the 

optimal particle size for dense biofilm penetration was around 
100-130 nm

31
. Even though the interaction between DOTAP 

and the biofilm matrix or bacterial cell envelope may deter the 
diffusion of PLGA/DOTAP nanoparticles into biofilms, the 
narrow and uniform nano-size distribution of these particles 
(i.e. 110-130 nm) indicates a strong potential for deep 
penetration into biofilm clusters

32
. However, it remains to be 

confirmed if these particles can indeed penetrate biofilms and if the 
penetration kinetics of these nanoparticles can be fine-tuned for 
subsequently drug delivery into biofilms. Similarly, it is possible that 
the nanoparticles maybe taken up by the biofilm cells, although 
further investigation is needed. Together, these data suggest that 
PLGA/DOTAP nanoparticles could be a suitable carrier to 
deliver drugs/substances in close proximity to the bacterial 
cells either in the planktonic or biofilm context to enhance 
treatment efficacy. 
 

 
 

Fig. 3. PLGA/DOTAP nanoparticles can bind efficiently to both Gram-
positive and Gram-negative bacteria. The binding efficiency of PI-
encapsulated PLGA (solid bar) and PLGA/DOTAP (empty bar) to 
different bacterial species, including S. thermophilus LMD-9, E. faecalis 
OG1RF, S. aureus ATCC25923, S. aureus USA300, E. coli BL21, P. 

stewartii R067d and P. aeruginosa PAO1, was determined by 
normalizing the number of cells stained by PI against the total cell 
stain, Syto9 (n=10, mean ± S.D). False discovery rate (FDR) corrections 
for multiple comparisons were performed and significant differences 
are indicated as follows: * P<0.01 and *** P<0.001. Scale bars:  20 um.  

 

 

 
 

Fig. 4. PLGA/DOTAP nanoparticles can bind efficiently to bacterial 
biofilms. Confocal laser scanning microscopy (CLSM) images of E. 

LMD9 OG1RF ATCC25329 USA300 BL21 R067d PAO1
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faecalis OG1RF (a) and S. aureus USA300 (b) biofilms co-stained by 
Syto9 and propidium iodide (PI) encapsulated PLGA (i) or PLGA/DOTAP 
(ii). An 8 h biofilm culture was incubated with PI-encapsulated 
nanoparticles and Syto9 for 4 h at 37°C prior to imaging by CLSM. The 
top, middle and bottom panels represent the images of the PI, Syto9 
and the PI+Syto9 overlay, respectively. Scale bars:  20 um. 

 

 

Antibiotic Release from Lipid-Polymer Hybrid Nanoparticles 

PLGA/DOTAP nanoparticles carrying antibiotics with different 
solubilities, ranging from highly hydrophobic to amphiphilic to 
highly hydrophilic, were fabricated (Table 2). The water 
solubility of the antibiotics influenced their encapsulation into 
(Table 2), and release profiles from (Fig. 5), PLGA and 
PLGA/DOTAP nanoparticles. PLGA and PLGA/DOTAP 
nanoparticles exhibited similar encapsulation efficiency of 
hydrophobic antibiotic (i.e. rifampicin). However, it is worth 
noting that the encapsulation efficiencies of amphiphilic (i.e. 
ampicillin) and hydrophilic drugs (i.e. ampicillin, kanamycin, D-
cycloserine) of PLGA/DOTAP nanoparticles were significantly 
higher than that of PLGA nanoparticles. PLGA, a hydrophobic 
polymer, has been shown to have a high encapsulation 
efficiency and sustained release profile for hydrophobic 
drugs33-35. While hydrophobic drugs interact well with PLGA, 
amphiphilic and hydrophilic drugs have weaker interactions. 
Hydrophilic drugs generally localize near the surface of PLGA 
nanoparticles, resulting in lower encapsulation efficiency and 
faster release rates36. With a cationic lipid layer for 
PLGA/DOTAP nanoparticles, hydrophilic drugs can be 
condensed between the cationic lipid and PLGA matrix, thus 
increasing encapsulation efficiency. Subsequent in vitro release 
studies conducted in culture medium (i.e. TSB) showed similar 
release kinetics as for PBS (data not shown). While similar 
sustained release profiles were observed for rifampicin 
(hydrophobic) from both nanoparticles, PLGA/DOTAP 
nanoparticles exhibited a more sustained release profile for 
the amphiphilic and hydrophilic antibiotics as compared to 
PLGA nanoparticles. Thus, PLGA/DOTAP particles can be used 
for antibiotics irrespective of their water solubility and release 
the drugs over a longer time frame. 
 
Table 2: Physical properties of PLGA and PLGA/DOTAP 
nanoparticles. 

 
 

 
 

 
Fig. 5. The release profiles of antibiotics from PLGA nanoparticles and 
PLGA/DOTAP nanoparticles. In vitro release profiles of different 
antibiotics from (a) PLGA nanoparticles and (b) PLGA/DOTAP 
nanoparticles in PBS (pH 7.4) for 24 h at 37°C (n=5, mean ± S.D).  

 

 

Enhanced Antimicrobial Effects via Lipid-Polymer Hybrid 

Nanoparticles 

Given the superior properties of PLGA/DOTAP over PLGA 
nanoparticles, including increased biofilm binding affinity (Fig. 
4), enhanced encapsulation efficiency (Table 2) and extended 
drug release (Fig. 5), we hypothesized that the PLGA/DOTAP 
formulation could therefore be a better alternative to the 
classic free drug formulation for planktonic and biofilm 
treatments. Ampicillin and D-cycloserine were individually 
encapsulated into PLGA/DOTAP nanoparticles and their effect 
on planktonic and biofilm growth was compared with the free-
form of the drug. Irrespective of the type of antibiotic used 
and the bacterial species, the MICs and MMICs of the 
PLGA/DOTAP formulations were at least 8 fold lower than for 
the non-encapsulated antibiotics. In some cases, as much as a 
32 fold reduction could be achieved. In contrast, there was no 
significant reduction in MIC or MMIC when ampicillin was 
formulated into nanoparticles of either DOTAP or PLGA alone. 
Similarly, none of the nanoparticles were growth inhibitory to the 
bacteria in the absence of antibiotics. These results are 
comparable with liposomal formulations that have been 
shown to reduce MICs in 2-4 fold

19, 37-40
, depending on the 

physicochemical features of the liposomes (i.e. size, surface 
charges, encapsulation efficiency), characteristics of the 
antimicrobial agents and the bacterial species studied. 
Although complete biofilm eradication was not achieved even 
at the highest antibiotic concentrations examined (i.e. 64 and 
256 ug/mL; data not shown), the PLGA/DOTAP formulation 
was more effective than when the antibiotics were delivered in 
solution or in the PLGA nanoparticles. These results thus clearly 
suggest that the combination of PLGA and DOTAP, structurally as 
double-layered nanoparticles, is essential for antibiotic 
encapsulation and enhancement of antibiotic efficacy.  
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Table 3. Minimum inhibitory concentration (MIC) and minimum 
metabolic Inhibitory concentration (MMIC) of free and 
PLGA/DOTAP-encapsulated antibiotics against different bacterial 
species. 

 
UTI89: E. coli UTI89; USA300: S. aureus USA300; OG1RF: E. faecalis OG1RF; * 
Free DOTAP was mixed with free ampicillin instead of encapsulating 
ampicillin within DOTAP. For carrier alone (i.e. blank nanoparticles), serial 
concentration of the respective carrier was prepared according to the 
amount of carrier used for ampicillin encapsulation in serial dilutions. In all 
cases, none of the carriers showed toxicity to all three species even at the 
highest carrier concentrations.  
 

Conclusions 

In this study, we have developed a simple, economical and 
scalable approach that hybridize the liposomal and polymeric 
systems to achieve a highly stable and programmable nano-
drug carrier for localized and sustained release of antibiotics to 
both planktonic bacteria and biofilms. Our lipid-polymer hybrid 
nanoparticle system synergizes the desirable features of both 
liposomes and polymers in terms of drug encapsulation 
efficiency, stability, affinity to bacterial envelope, tunability of 
drug release profile and biofilm penetrability. It is evident that 
the lipid-polymer hybrid system is capable of enhancing the 
therapeutic efficacy of antibiotics, by protecting the drugs 
from inactivation by extracellular enzymes and prolonging 
their effects. Given the flexibility of modifying the individual 
component of the hybrid system, it is expected that the lipid-
polymer nanoparticle system can be endorsed with more 
functions tailored for specific anti-biofilm applications in the 
near future. 
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