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ABSTRACT
Purpose To investigate the effect of the antibiotic release
profiles of levofloxacin-loaded polymeric nanoparticles on their
antibacterial efficacy against E. coli biofilm cells.
Methods Three distinct antibiotic release profiles are produced
by encapsulating levofloxacin in PCL and PLGA nanoparticles by
nanoprecipitation and emulsification-solvent-evaporation meth-
ods. The antibacterial efficacy is examined over six days by time-
dependent biofilm susceptibility testing that takes into account the
effects of the biofilm age, antibiotic exposure history, and
simulated drug removal.
Results Biofilm cells that survive the initial antibiotic exposure
exhibit a higher antibiotic tolerance than fresh biofilm cells,
where the lower the initial exposure, the higher the tolerance
of the surviving biofilm cells. The lower antibiotic susceptibility
of the surviving biofilm cells is transferred to their planktonic cell
progeny, which can subsequently form new biofilm colonies
having a higher antibiotic tolerance, hence exacerbating the
infections. A biphasic extended release profile at an appropriate
dose can inhibit the biofilm growth for four days, therefore
reducing the dosing frequency. The importance of a high initial
antibiotic exposure renders a slow release profile ineffective
despite the same dosing amount.
Conclusions The antibiotic release profile has an equally
significant influence on the biofilm eradication rate as the
antibiotic dose.
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ABBREVIATIONS
CFU colony forming unit
COPD chronic obstructive pulmonary disease
DCM dichloromethane
DPI dry powder inhaler
EPS extracellular polymeric substance
ESE emulsification-solvent-evaporation
LEV levofloxacin
MBIC minimum biofilm inhibitory concentration
MHB mueller Hinton Broth
MIC minimum inhibitory concentration
NP nanoparticles
NPC nanoprecipitation
OD optical density
PBS phosphate buffer saline
PCL poly(caprolactone)
PLGA poly(DL-lactide-co-glycolide)
PVA poly (vinyl alcohol)

INTRODUCTION

Biofilm is a sessile community of bacterial cells that is
enclosed by a self-secreted matrix composed of an extra-
cellular polymeric substance (EPS). Biofilm is the predom-
inant mode of growth of bacterial cells, as it renders them
less susceptible (i.e. 10–1,000-fold) to antimicrobial agents
compared to their planktonic cell counterparts (1). Because
the phagocytic defense mechanism is incapable of removing
the biofilm cells protected by the EPS matrix, the biofilm
colonization causes persistent infections and inflammations
in the airways that eventually lead to the deterioration of
the lung function if they are not properly treated.

Individuals with an impaired mucociliary clearance in
their respiratory systems are particularly vulnerable to
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chronic biofilm infections by bacterial pathogens due to the
consequential mucus build-up in their respiratory airways
that provides a nutrient-rich environment ideal for the
biofilm growth. The pulmonary disease that is typically
associated with biofilm infections is bronchiectasis, which is
an abnormal irreversible dilatation of bronchi and bron-
chioles due to the recurring infections and inflammations.

Unlike congenital bronchiectasis (e.g. cystic fibrosis,
primary ciliary dyskinesia), whose occurrence is limited to
a small population, acquired bronchiectasis is prevalent
among individuals suffering from chronic obstructive
pulmonary disease (COPD), which is the fourth leading
cause of death globally (2), where 50% of adults with
moderate to severe COPD are found to exhibit bronchiec-
tasis symptoms (3). Unfortunately, the high biofilm toler-
ance towards antibiotics renders the current antibiotic
therapy for bronchiectasis ineffective in curing the disease
completely. Antibiotic therapies for moderate to severe
bronchiectasis are therefore aimed primarily to alleviate the
symptoms and to minimize the exacerbations (3).

The high tolerance of the biofilm cells towards antimicro-
bial agents, particularly antibiotics, has been attributed to
various reasons, such as (i) the non-growing state of a majority
of the biofilm cells rendering them less susceptible to certain
antibiotics (e.g. β-lactam), (ii) the shielding of the biofilm
cells from antibiotics by the EPSmatrix allowing the bacterial
cells to release their adaptive stress responses in time, and (iii)
the existence of subpopulation persister cells that remain
invulnerable regardless of the antibiotic concentration and its
duration of exposure (4). In this regard, biofilm cells
enclosed in a thin EPS matrix, nonetheless, have been
found to remain invulnerable after an exposure to fluoro-
quinolone antibiotics, which are known to be capable of
eradicating non-growing bacterial cells and effectively
diffusing through the EPS matrix (5). For this reason, the
existence of the persister cells is widely regarded as the
universal reason, though not always the only reason, for
the high antibiotic tolerance of the biofilm cells.

Because of the high biofilm tolerance towards antibiotics,
a high therapeutic dose is needed in bronchiectasis treat-
ments, which poses a high risk of systemic toxicity in the
conventional antibiotic delivery routes by oral and intrave-
nous administrations. Delivering the antibiotic directly to
the lung by inhalation is therefore preferred to reduce the
risk of systemic toxicity (6). Moreover, inhaled antibiotic
delivery has been found to significantly increase the lung
bioavailability of the antibiotic (i.e. twenty-fold greater),
hence resulting in a higher antibacterial efficacy compared
to that obtained by the conventional drug delivery routes
(7,8).

Nebulization of aqueous solutions of antibiotics is by far
the most widely used delivery platform for inhaled anti-
biotics, which is attributed to its extremely simple formu-

lation that offsets its many drawbacks, such as low
efficiency, lengthy treatment time, poor stability, and non-
portability(6). Inhaled delivery of antibiotics in the nebu-
lized free-drug solution form, however, is subjected to a
rapid clearance in the lung that results in a short residence
time and a low concentration of the antibiotic in the biofilm
infection sites (9). Consequently, multiple doses need to be
administered daily, resulting in poor patience compliance.

The residence time of the antibiotic in the biofilm
infection sites can be prolonged by incorporating the
antibiotic into carrier particles with a controlled release
capability. In this regard, antibiotic-loaded nanoparticles
have emerged as one of the most promising formulations in
inhaled antibiotic therapy against biofilm infections. The
small size of the nanoparticles enables them to effectively
penetrate through the static mucus, surrounding the biofilm
colonies in a matter of seconds (10–12). As a result, the
antibiotic is released locally, therefore increasing its
residence time and concentration in the biofilm infection
sites, which leads to a higher antibacterial efficacy than that
obtained by the free-drug formulation (11,13). In addition,
nanoparticles have been found to exhibit a longer retention
time in the lung compared to their micron-scale particle
counterparts, as the lung macrophages are less effective in
recognizing foreign particles smaller than 1–2 µm (14).

Furthermore, the bioavailability of poorly water-soluble
drugs in the lung can be enhanced by formulating them
into nanoparticles, whose high surface-area-to-volume ratio
increases the drug dissolution rate. Attributed to the many
attractive characteristics of the inhaled nanoparticle formu-
lation, a wide range of therapeutic agents have been
formulated into inhalable nanoparticles, which are typically
delivered by nebulization of the aqueous nanoparticulate
suspension, as the nebulization delivery platform does not
require a further dosing formulation. In this regard,
bronchodilators and corticosteroids have been formulated
into nanoparticles for inhaled therapies of asthma and
COPD (15,16). Antibiotics have also been encapsulated
into polymeric nanoparticles for inhaled tuberculosis
therapy (17,18). Lastly, inhaled nanoparticle formulations
of antifungal agents, immunosuppressant agents, and
therapeutic proteins, have also been investigated (19–21).

The biofilm susceptibility towards antibiotics is typically
characterized by the minimum biofilm inhibitory concen-
tration (MBIC), which is defined as the minimum antibiotic
concentration needed to eradicate a majority of the non-
persister cells and to inhibit the visible biofilm growth
initiated by the surviving persister cells (22). The conven-
tional wisdom for an effective antibiotic therapy is to expose
the biofilm cells to antibiotic concentrations that are equal
or above the MBIC value (11). In this regard, bacterial cells
exposed to a sub-inhibitory antibiotic concentration have
been found to ramp up their biofilm mode of growth as a
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defensive response to the antibiotic (23). Furthermore, non-
persister cells have been found to self-transform into
persister cells upon an exposure to antibiotics as part of
their adaptive defense mechanism (24).

Therefore, the defensive response of the biofilm cells
upon their exposure to antibiotics is highly dynamic, as the
biofilm cells can adaptively react to promote their survival.
Consequently, despite their similar overall dose, a constant
antibiotic concentration over time above the MBIC value
may not yield the same antibacterial efficacy as that
obtained from a gradually decreasing or increasing antibi-
otic concentration that is also maintained above the MBIC
value. For this reason, an investigation on the effect of the
antibiotic release profile of the antibiotic-loaded nano-
particles on the biofilm susceptibility is warranted.

In this regard, several studies have reported that a
sustained antibiotic release profile from carrier particles
results in higher antibacterial efficacies against both
planktonic and biofilm cells than those obtained from the
faster release profile in the free-drug formulations (11,25–
27). The superiority of the sustained release profile
observed in these studies, however, is attributed more to
the immediate clearance of the antibiotic in the free-drug
formulations or, in the case of Misra et al. (27), the
deactivation of the antibacterial activity of the free-drug
formulation upon its administration that necessitates its
encapsulation, rather than the effect of having a sustained
antibiotic concentration on the bacterial cell defensive
response.

Importantly, the influence of the immediate antibiotic
clearance is less significant for the antibiotic-loaded nano-
particle formulation intended for biofilm infection therapy
because the antibiotic is released locally inside the static
mucus surrounding the biofilm colonies and also because of
the stealth characteristics of nanoparticles towards the lung
phagocytic defense mechanism. For this reason, the
objective of the present work is to examine the effect of
the antibiotic release profile on the antibacterial efficacy of
the antibiotic-loaded nanoparticles in a testing condition in
which the immediate antibiotic clearance is not a major
determining factor.

Owing to the highly dynamic nature of the biofilm
defensive response, the antibacterial efficacy of the
antibiotic-loaded nanoparticles is examined in time-
dependent biofilm susceptibility testing, where the effects
of antibiotic exposure history, biofilm age, and in-vitro drug
removal that simulates the in-vivo condition on the antibac-
terial efficacy results are taken into account. Escherichia coli
(E. coli) biofilm, which is present in 7% of patients
hospitalized for lower respiratory tract infections (28), is
used as the biofilm model. Levofloxacin, a fluoroquinolone
antibiotic, is used as the antibiotic model, as it is known to
be effective against a wide range of dormant respiratory

bacterial pathogens (29), and, unlike aminoglycoside anti-
biotics, it can diffuse through the EPS matrix and the
surrounding mucus to reach embedded mature biofilm cells
(30).

The antibiotic is encapsulated into biodegradable and
biocompatible polymeric nanoparticles that are specifically
engineered to produce different antibiotic release profiles
(i.e. burst, intermediate, and slow). Specifically, poly
(caprolactone) (PCL) and poly(DL-lactide-co-glycolide)
(PLGA), which exhibit two distinct degradation rates
between them, are used as the antibiotic carriers in order
to facilitate the production of nanoparticles having different
antibiotic release profiles. In this regard, the use of PLGA
and PCL nanoparticles as antibiotic carriers has been
investigated by Misra et al. (27) and Jeong et al. (26) using
doxycycline and ciprofloxacin as the model antibiotics,
respectively. Nevertheless, as opposed to the present work,
which examines the antibiotic susceptibility of E. coli biofilm
cells and biofilm-derived planktonic cells, Misra et al. and
Jeong et al. examined the antibacterial efficacy of their
nanoparticle formulations against E. coli planktonic cells
produced from an inoculum.

The biofilm susceptibility testing was conducted over a
six-day period, with daily dosings at different antibiotic
concentrations corresponding to the antibiotic release
profile being examined. In addition, the antibiotic suscep-
tibility testing is conducted for floating planktonic cells,
which are steadily shed from the biofilm matrix as part of
the biofilm mode of growth. These biofilm-derived plank-
tonic cells are of significant importance, as they have been
found to be the main cause of exacerbations by forming
new biofilm colonies elsewhere (31).

MATERIALS AND METHODS

Materials

The polymers used to prepare the antibiotic-loaded nano-
particles were PCL (MW = 80,000), purchased from
Sigma-Aldrich (USA), and PLGA (Purasorb 5004A),
received as a gift from PURAC Biomaterials (Netherlands).
Analytical/HPLC grade chemicals used in the nanoparticle
synthesis were dichloromethane (DCM), acetone, poly
(vinyl alcohol) (PVA, MW = 23,000), Pluronic F-68, and
levofloxacin (LEV) antibiotic, purchased from Sigma-
Aldrich (USA). The phosphate buffer saline solution (PBS,
pH = 7.4) and the dialysis membrane with a molecular
weight cut-off size of 12,400 g/mol used in the in-vitro drug
release study were purchased from 1st Base (Singapore) and
Sigma-Aldrich (USA), respectively. The E. coli K-12
(W3110) strain was obtained from Coli Genetic Stock
Center, Yale University (USA).
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Methods

Preparation of LEV-Loaded Nanoparticles by Nanoprecipitation
(NPC)

A nanoprecipitation method of Govender et al. (1999) (32) is
employed to obtain LEV-loaded nanoparticles with the
burst release profile. The polymer and the highly water-
soluble LEV (≈ 0.1 g/mL) are dissolved in water-miscible
acetone. Upon addition of the polymer/LEV solution into
water, the acetone rapidly diffuses into the aqueous phase,
resulting in the formation of polymeric nanoparticles in
which LEV is predominantly adsorbed on the nanoparticle
surface, resulting in the burst release profile.

Briefly, 8 mg of LEV and 100 mg of PLGA are dissolved
in 5 mL of acetone, after which the solution is poured into
10 mL aqueous solution of 0.1% (w/v) Pluronic F-68. The
resulting nanoparticulate suspension is stirred overnight at
room temperature to evaporate off the acetone present in
the aqueous phase, which is followed by two centrifugations
at 14,000 RPM to remove the non-encapsulated LEV from
the nanoparticulate suspension. The LEV-loaded PCL
nanoparticles are prepared following the same procedures
but using 75 mg of PCL instead. Blank nanoparticles are
prepared using the same procedures but without incorpo-
rating LEV.

Preparation of LEV-Loaded Nanoparticles by Emulsification-
Solvent-Evaporation (ESE)

An emulsification-solvent-evaporation method of Sung et al.
(2009) (17) is employed to prepare LEV-loaded nanoparticles
with the biphasic extended release profile. The polymer and
LEV are dissolved in a volatile and water-immiscible solvent
(i.e. DCM) where, upon addition of the polymer/LEV
solution into water, an oil-in-water nano-emulsion is formed
by ultrasonication. Next, the DCM is slowly evaporated to
transform the nano-emulsion into a nanoparticulate suspen-
sion in which LEV is encapsulated inside the polymer matrix,
resulting in the extended release profile.

Briefly, 8 mg of LEV and 80 mg of PLGA are dissolved
in 2 mL of DCM after which the solution is poured into
6 mL aqueous solution of 1.0% (w/v) PVA. The resulting
solution is emulsified for 60 s using a Vibra-Cell probe
sonicator (VC 5040, Sonics and Materials, USA). The
nano-emulsion is next added to 10 mL aqueous solution of
0.1% (w/v) PVA and is stirred overnight at room
temperature to evaporate off the DCM, resulting in the
nanoparticle production. The resulting nanoparticulate
suspension is then centrifuged twice at 11,000 RPM to
remove the non-encapsulated LEV. The same procedures
are used to prepare the blank nanoparticles and the LEV-
loaded PCL nanoparticles.

Physical Characterizations of LEV-Loaded Nanoparticles

The nanoparticle size is measured by photon correlation
spectroscopy (PCS) using a Brookhaven 90Plus Nano-
particle Size Analyzer (Brookhaven Instruments Corpora-
tion, USA). The drug encapsulation efficiency (i.e. %
encapsulation) is determined from the ratio of the amount
of the encapsulated LEV to the amount of LEV initially
added. The amount of the encapsulated LEV is determined
by subtracting the LEV amount present in the supernatant
after the first centrifugation from the amount of LEV
initially added. The LEV concentration in the supernatant is
measured using UV-VIS spectrophotometer (UVMini-1240,
Shimadzu, Japan) at the LEV absorbance wavelength of 254
nm. The drug loading is determined from the ratio of the
amount of the encapsulated LEV to the total amount of the
nanoparticles produced.

In-Vitro Drug Release Study

The LEV release rate from the nanoparticles is determined
using the dialysis-bag method under a sink condition. The
dialysis bag containing 2 mL of the LEV-loaded nano-
particulate suspension is placed in an opaque bottle filled
with 6 mL of PBS as the release medium. The dissolution
test is conducted at 37°C in a water bath under gentle
stirring for six days. The opaque bottle is used, as
fluoroquinolone antibiotics in their aqueous solution form
are known to be photodegradable (33). Every 24 h, 4 mL
of the release medium is withdrawn, and the amount of
LEV released is immediately measured by the UV-VIS
spectrophotometer.

The withdrawn sample is replaced with 4 mL of fresh
PBS; hence, the drug concentration in the release medium
is diluted two-fold every 24 h to simulate the in-vivo drug
removal into the systemic circulation. The LEV solutions
collected from the six days (i.e. LEV1, LEV2, and …) are
stored in opaque bottles to be subsequently used, after a
ten-fold dilution, in the time-dependent biofilm susceptibil-
ity testing. The in-vitro release study is also conducted using
6 mL of MHB as the release medium for comparison.

Antibiotic Susceptibility Testing

Minimum Inhibitory Concentration (MIC) Determination

The minimum inhibitory concentration (MIC) is defined as
the lowest antibiotic concentration that inhibits a visible
planktonic bacterial growth after an overnight incubation at
37°C. An optical density measurement at 600 nm (OD600)
is typically used to examine the visible bacterial growth in
which OD600 <0.1 indicates a zero bacterial growth.
Briefly, the MIC is determined by broth micro-dilution
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using a 96-well microplate (F96 MicroWell, Nunc,
Denmark). An E. coli bacterial suspension to be used as
the inoculum is adjusted to a 0.5 McFarland standard in
Mueller Hinton broth (MHB) after which it is further
diluted by 100-fold to produce a bacterial cell suspension
having 1.0 × 106 colony forming units (CFU)/mL.

Next, 100 µL of LEV solution in MHB is added to
100 µL of the bacterial cell suspension in each well of the
microplate to yield a final cell concentration of 5.0 ×
105 CFU/mL. The range of LEV concentrations investi-
gated is between 0.0037 µg/mL and 7.5 µg/mL. After a
24-hour incubation at 37°C, OD600 of the cell suspension
in each well is measured using a microplate reader (Synergy
HT, Biotek, USA). The lowest LEV concentration that
yields OD600 <0.1 is determined as the MIC.

Minimum Biofilm Inhibitory Concentration (MBIC)
Determination

The minimum biofilm inhibitory concentration (MBIC) is
defined as the lowest antibiotic concentration that inhibits a
visible biofilm cell growth. The biofilm cultivation method
and MBIC determination follow the methods of Harrison et
al. (2006) (34) and Ceri et al. (1999) (35), respectively.
Briefly, a bacterial cell suspension to be used as the
inoculum is adjusted to 1.0 McFarland standard and is
diluted by thirty-fold in MHB to produce 1.0 × 107 CFU/
mL. Next, 150 µL of the inoculum is transferred to each
well of a 96-well microplate, and a 96-peg lid is fitted on
top of the microplate to provide a surface for the biofilm
growth. After 24-hour incubation in a shaking incubator at
150 RPM and 37°C, the peg lid is lifted and the biofilm
formed on the pegs is rinsed with PBS to remove loosely
attached planktonic cells.

Next, two pegs are broken off to enumerate the biofilm
cells formed. The biofilm formed in the remaining 94
pegs is exposed in a new microplate to 200 µL of LEV
solution in MHB. After a 24-hour incubation at 37°C,
the peg lid is lifted and the pegs are rinsed with PBS to
remove the dead biofilm cells. Next, the non-eradicated
biofilm cells are detached from the pegs into a recovery
plate containing 200 µL of fresh MHB by 5-minute
sonication. After a 24-hour incubation at 37°C, OD600 in
each well of the recovery plate is measured using the
microplate reader. The lowest LEV concentration that
results OD600 <0.1 is determined as the MBIC. The range
of LEV concentration investigated is the same as the one
used in the MIC determination. The MBIC value
obtained from the OD600 measurement is verified by
viable cell counting, where the biofilm cells in the recovery
plate are serially diluted ten-fold and plated onto agar
plates. The viable CFU is determined after an overnight
incubation at 37°C. Both the MIC and MBIC determi-

nations are repeated three times on three different days
using three replicates on each day.

Blank Nanoparticle Susceptibility Testing

To investigate whether the PLGA and PCL nanoparticles
exhibit any antibacterial activities, biofilm cells are culti-
vated on a 96-peg lid following the same procedures used to
determine the MBIC. Afterwards, the biofilm formed on
the pegs is exposed in a microplate to a suspension
containing 40 µL of the blank nanoparticulate suspension
(1.5 % w/v) and 160 µL of MHB. Biofilm cells exposed to
40 µL of PBS and 160 µL of MHB are used as the
experimental controls. After 6, 12, and 24 h of incubation
at 37°C, the biofilm formed on the pegs is rinsed with PBS
and is later detached from the pegs into a new microplate
by sonication.

The recovered biofilm cells are serially diluted ten-fold,
plated onto agar plates and are incubated overnight at
37°C to determine the viable CFU. The biofilm-derived
planktonic cells, which are present in the wells of the
microplate after the blank nanoparticle exposure, are
enumerated after 24 h. The experiment is conducted in
two replicates. The viable CFU counts of the biofilm-
derived planktonic cells and the biofilm cells, which have
been exposed to the blank nanoparticles, are compared
with those of the experimental controls.

Time-Dependent Biofilm Susceptibility Testing

For the six-day time-dependent biofilm susceptibility testing
(i.e. time-kill), the biofilm is cultivated on six 96-peg lids
following the same procedures used to determine the
MBIC. On the first day of the time-kill, the biofilm cells
from the six peg lids are exposed to an antibiotic solution in
a microplate, which contains 20 µL of the aforementioned
LEV1 solution obtained from the in-vitro drug release study
and 180 µL of MHB. A solution containing 20 µL of PBS
and 180 µL of MHB is used as the positive control. The
fresh MHB must be supplied daily to sustain the biofilm
existence over the six-day time-kill period. After a 24-hour
incubation at 37°C (i.e. second day of the time-kill), one of
the six peg lids is rinsed with PBS and is sonicated to
recover the non-eradicated biofilm cells.

Next, the viable CFU is determined using two replicates
following the same procedures used in the blank nanoparticle
susceptibility testing. In addition, OD600 of the biofilm-
derived planktonic cell suspension present in the wells of the
first microplate is measured. The remaining five peg lids are
exposed to an antibiotic solution containing 20 µL of the
LEV2 solution and 180 µL of MHB. These procedures are
repeated daily for five consecutive days using LEV3, LEV4,
LEV5, and LEV6 antibiotic solutions in sequence as
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illustrated in Fig. 1. The biofilm susceptibility testing is
repeated in a pseudo-time-kill study using one-day-old
biofilm cells to examine the effect of the antibiotic exposure
history on the biofilm susceptibility.

RESULTS

LEV-Loaded Nanoparticles

A summary of the LEV-loaded nanoparticles produced is
presented in Table I. The experimental uncertainties in the
% encapsulation and the drug loading measurements based
on three replicates are between 4−7% and 5%, respective-
ly. The results indicate that the NPC method produces
smaller nanoparticles (≈ 100 nm) compared to those
produced by the ESE method (≈ 200 nm) for both the
PCL and PLGA. Importantly, nanoparticles in this size
range have been found to be ideal for the sputum
penetration (10). The high aqueous solubility of LEV

results in a majority of LEV to diffuse out into the aqueous
phase during the preparation steps, resulting in low %
encapsulation (≤ 16%) and, consequently, relatively low
drug loadings (0.30–1.10% w/w). Significantly, PLGA
nanoparticles exhibit higher % encapsulation and drug
loadings than their PCL nanoparticle counterparts.

In-Vitro LEV Release Profiles

The in-vitro LEV release profiles of the different nano-
particle formulations in PBS examined over a six-day
period are presented in Fig. 2. The experimental uncer-
tainties in the in-vitro LEV release profiles based on three
replicates are equal to approximately 5%. The effect of
changing the release medium to MHB is found to be
negligible. Both LEV-loaded PCL and PLGA nanoparticles
prepared by the NPC method (i.e. PCL/PLGA NPC)
exhibit monophasic burst release profiles in which ≈ 80% of
the loaded drug is released within the first hour, and the
entire drug is released after 6 h. The in-vitro release profiles

Fig. 1 An illustration of the time-dependent biofilm susceptibility testing using the LEV solution from the in-vitro drug release study (LEV-NP: LEV-loaded
nanoparticles).
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of the PCL and PLGA NPC nanoparticles are found to be
fairly similar. Importantly, as the burst release period is
significantly longer than the typical sputum penetration
time of the nanoparticles reported in the literature, a
majority of the antibiotic is to be released inside the static
mucus surrounding the biofilm colonies.

On the other hand, nanoparticles produced by the ESE
method (i.e. PCL/PLGA ESE) exhibit biphasic extended
release profiles. For the PLGA ESE nanoparticles, ≈ 80%
of the loaded drug is released after one day, which
represents the initial fast release that is followed by a slower
release resulting in the entire drug being released only after
the sixth day. Attributed to the considerably lower drug
loading and the slowly degrading nature of PCL, the PCL
ESE nanoparticles exhibit a slower drug release profile than
the PLGA ESE nanoparticles, where only ≈ 40% of the
loaded drug is released after one day and only ≈ 75% of the
drug is released after six days.

Blank Nanoparticle Susceptibility

After 6, 12, and 24-hour exposures to the blank nanoparticles,
the viable CFU of the exposed biofilm cells are found to
remain closely similar to the viable CFU of the experimental
control as shown in Fig. 3A, which indicates that the four
blank nanoparticles (i.e. PCL/PLGA NPC and PCL/PLGA

ESE) do not possess any antibacterial activities towards the
biofilm cells. The experimental uncertainties in the viable
CFU based on the two replicates are approximately equal
to ± 0.2 log (CFU/peg). In addition, the presence of the
blank nanoparticles does not alter the biofilm growth either,
as the viable CFU of the biofilm-derived planktonic cells,
presented in Fig. 3B are also equal to the viable planktonic
CFU of the experimental control.

The antibacterial efficacy of the LEV-loaded nano-
particles can therefore be attributed exclusively to the
antibiotic exposure and are not caused by the nanoparticle
inclusion or by the trace of chemicals used in the
nanoparticle preparation. As the presence of the nano-
particles does not have any effects on the biofilm cells, the
biofilm susceptibility testing is conducted by using only the
LEV solution obtained from the in-vitro release study
without physically including the nanoparticles in the testing.

MIC and MBIC

The MIC and MBIC values of LEV against E. coli
planktonic and biofilm cells are approximately equal to

Table I Physical Characteristics of the Nanoparticles Produced

Nanoparticle
(NP)

Preparation
Method

Size (nm) %
Encapsulation

Drug Loading
(% w/w)

PLGA NPC 80 ± 30 15 0.65

ESE 190 ± 50 16 1.10

PCL NPC 110 ± 40 5 0.40

ESE 230 ± 80 4 0.30
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0.03 and 0.15 µg/mL, respectively, indicating that the
biofilm mode of growth of E. coli bacterial cells results in a
five times higher tolerance towards LEV than the plank-
tonic mode. The MIC and MBIC values obtained from the
OD600 measurement have been verified by a viable cell
counting method.

Effect of LEV Encapsulation on its Antibacterial
Activity

To investigate whether the antibacterial activity of LEV is
altered by its encapsulation into the nanoparticles, the
antibacterial efficacies of the native LEV (i.e. free drug) and
the LEV released from the PCL and PLGA NPC nano-
particles are examined against one-day-old biofilm cells at
an equal antibiotic concentration (i.e. 0.45 µg/mL). After
taking into account the experimental uncertainties in the
viable CFU of the two replicates, which is approximately
equal to ± 0.5 log (CFU/peg), the results in Fig. 4 indicate
that the eradication rates of the encapsulated LEV after 6,
12, and 24 h of antibiotic exposures are relatively similar to
those of the native LEV, where up to three log (CFU/peg)
(i.e. 99.9%) of the biofilm cells are eradicated. A similar
result is found for the LEV released from the PCL and
PLGA ESE nanoparticles, but the data are not shown here
for brevity. Hence, LEV can be safely encapsulated into the
polymeric nanoparticles without affecting its antibacterial
activity.

In-Vitro Dilution Rate to Simulate the In-Vivo Drug
Removal

In the biofilm susceptibility testing, the in-vivo drug removal
by various clearance mechanisms in the lung (e.g. absorp-
tion, phagocytosis, enzymatic degradation) is simulated by a
two-fold dilution of the LEV solution at a fixed time
interval. This static dilution approach represents a simpler

alternative to simulate the in-vivo drug removal than the
more conventional approach using a chemostat. This
approach is nevertheless limited to biofilm studies in which
the impact of the interaction between the drug-bearing
particles and the biofilm cells on the biofilm mode of
growth is minimal, as is the case with the present study.

In this regard, the typical half-life of intravenously
administered LEV in the lung is approximately equal to
8 h (36). In the present work, a longer half-life is simulated,
as LEV has been incorporated into nanoparticulate carriers,
hence prolonging the residence time of LEV in the biofilm
infection sites. To determine the appropriate dilution rate,
the effect of the two-fold dilution at two different time
intervals (i.e. 12 and 24 h) on the LEV concentration
variations during the six-day time-kill period is examined in
Fig. 5 by using the LEV-concentrated solution released
from the PLGA NPC and PLGA ESE nanoparticles.

The total amount of LEV used in the in-vitro release
study to determine the appropriate dilution rate is set at
0.16 mg for both nanoparticles yielding a maximum LEV
concentration of ≈ 2.3 µg/mL. This concentration range is
in the same order of magnitude as the maximum serum
concentration (≈ 5.5 µg/mL) of 500 mg orally administered
LEV that is typically used in antibiotic therapies against
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common respiratory pathogens (37). Importantly, the
maximum LEV concentration is equal to ≈ 80 times the
MIC value and ≈ 15 times the MBIC value of the E. coli
bacterial cells.

For the PLGA NPC nanoparticles having a burst release
profile, a two-fold dilution every 12 h in Fig. 5A causes the
LEV concentrations to drop below the MBIC value after 2
days before reaching a practically zero value after 3.5 days.
As a result, the biofilm susceptibility testing from Day 2
onwards will not likely reveal any useful information other
than an uninhibited biofilm growth. In contrast, a two-fold
dilution every 24 h keeps the LEV concentrations above the
MBIC value for 5 days with a half-life of 24 h.

For the PLGA ESE nanoparticles having a slower
release profile, a two-fold dilution every 12 h in Fig. 5B
maintains the LEV concentrations above the MBIC value
up to 4 days. Nonetheless, the LEV concentrations from
Day 3 onwards are not much higher than the MBIC value;
hence, they are unlikely to be effective. On the contrary, a
two-fold dilution every 24 h results in LEV concentrations
that are at least 1.5 times above the MBIC value
throughout the six days with a half-life of 24 h. For this
reason, a twice dilution at 24-hour intervals is selected as
the in-vitro dilution rate to simulate the in-vivo drug removal
at the LEV dose being investigated in the present work (i.e.
0.16 mg).

Dilution rates at shorter or longer time intervals,
nevertheless, can be selected when higher or lower LEV
doses are used; thereby, the LEV concentrations are
maintained above the MBIC value throughout a majority
of the biofilm susceptibility testing period, such that
meaningful biofilm susceptibility testing results can be
obtained. However, as experimental data of the half-life
of LEV-encapsulated nanoparticles in the lung are not yet
available, the simulated in-vivo LEV removal cannot be
straightforwardly validated in the present work. In this
regard, the lung half-life of amikacin antibiotic, which
exhibits a relatively similar aqueous solubility as LEV (i.e.
180 mg/mL for amikacin versus 100 mg/mL for LEV), has
been shown by Meers et al. (11) in-vivo to be prolonged
to >24 h when the amikacin is encapsulated into nano-
particles, which is significantly longer than the half-life of
the free-drug formulation (i.e. ≈ 2 h). Therefore, the 24-
hour half-life simulated in the present work is thought to
represent a reasonable approximation of the in-vivo LEV
removal.

Effects of Antibiotic Release Profile on the Biofilm
Susceptibility

Three distinct antibiotic release profiles (i.e. burst release by
PCL/PLGA NPC, intermediate release by PLGA ESE,
and slow release by PCL ESE) are employed to examine

their effects on the antibacterial efficacy of the LEV-loaded
nanoparticles. The antibacterial efficacies produced by the
burst and the slow release profiles are examined first. The
total amount of LEV used is set at 0.16 mg for both
nanoparticles. The day-to-day variations in the LEV
concentrations of the two release profiles after a two-fold
dilution every 24 h are presented in Fig. 6A, whereas the
time-kill results are presented in Fig. 6B. The experimental
uncertainties in the viable CFU in the time-kill study are
approximately equal to ± 0.5 log (CFU/peg) on average.

The LEV concentrations from the burst release profile
decrease with time following first-order kinetics and fall
below the MBIC value on the sixth day. In contrast, the
LEV concentrations from the slow release profile remain at
least 3 times above the MBIC value throughout the six
days. The main difference between the two release profiles
lies in their LEV concentrations on Day 1. The PCL/
PLGA NPC nanoparticles release 2.25 µg/mL of LEV (i.e.
15 × MBIC) on Day 1, whereas the PCL ESE nano-
particles release only1.05 µg/mL of LEV (i.e. 7 × MBIC).
Nevertheless, both concentrations likely can eradicate a
majority of the young biofilm cells on Day 1 without
difficulty, as they are both high above the MBIC value. The
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eradication rates on the subsequent days after the biofilm
cell defensive response, however, remain to be investigated.

The viable CFU of the positive control in Fig. 6B remain
relatively constant between six and seven log (CFU/peg)
throughout the six days, which denotes a sustained
existence of the biofilm cells at a steady state, where the
rate of the planktonic cells shed from the biofilm is equal to
the adhering rate of new bacterial cells onto the biofilm.
Therefore, the variations in the viable CFU observed in the
biofilm susceptibility testing results can be attributed solely
to the antibiotic exposure and are not influenced by the
biofilm-growing protocols. Importantly, the sustained exis-
tence of the positive control throughout the six days
indicates that the technique employed in the present work
to uphold the biofilm existence over a prolonged period is
equally competent as the one conducted using a chemostat.

For both the burst and the slow release profiles, the LEV
concentrations released on Day 1 as expected eradicate
about four log (CFU/peg) (i.e. 99.99%) of the biofilm cells
as shown in Fig. 6B. Importantly, even though the
antibacterial efficacy of fluoroquinolone antibiotics is
known to be concentration dependent, the higher initial
LEV concentration in the burst release profile (i.e. 2.25 µg/
mL) does not result in a higher eradication rate on Day 1
than that of the slow release profile (i.e. 1.05 µg/mL).

The presence of a plateau in the eradication rate as the
antibiotic concentration is increased typically signifies the
existence of surviving persister cells (5). For this reason,
the antibiotic susceptibility of one-day-old biofilm cells is
examined in a dose-kill study at LEV concentrations
ranging from 0.15 to 3.10 µg/mL. The results in Fig. 7
indicate that the variations in the viable CFU after
exposures to a wide range of LEV concentrations are
statistically insignificant, as they fall within the experimental
uncertainties. The viable CFU is found on average to be
approximately equal to two log (CFU/peg), indicating the
survival of 0.01% subpopulation persister cells.

Even though the biofilm eradication rates on Day 1 are
equal between the burst and the slow release profiles, their
eradication rates on Day 2 are vastly different. For the slow
release profile, the surviving persister cells can freely
multiply, producing new biofilm cells on Day 2 despite
their exposure to 0.80 µg/mL of LEV, which is more than
five times above the MBIC value. As a result, a similar
number of biofilm colonies as the ones existing prior to the
antibiotic exposure are formed on Day 2. For the burst
release profile, the biofilm growth on Day 2 is inhibited to a
significantly larger extent due to the higher LEV concen-
tration present at 1.10 µg/mL.

From Day 3 onwards, the biofilm growth in the burst
release profile continues at a relatively constant pace as the
LEV concentration decreases exponentially with time. The
LEV concentration eventually drops below the MBIC value

on Day 6, resulting in a sharp increase in the biofilm
growth. The time needed for the biofilm to recover to its
initial state upon exposure to the burst release profile is
therefore around five days. On the other hand, the LEV
concentrations in the slow release profile are maintained at
≈ 0.50 µg/mL from Day 3 onwards. As a result, the biofilm
growth is slightly subdued on the subsequent days.
Nevertheless, it is not significant enough to offset the rapid
biofilm growth on Day 2. Hence, in terms of the speed of
the biofilm formation recurrence, the burst release profile is
found to be superior to the slow release profile, even though
the LEV concentrations in the latter are already main-
tained above the MBIC value throughout the six days.

A similar trend in the biofilm growth is observed for the
biofilm cells exposed to the intermediate release profile
from the PLGA ESE nanoparticles. The result is not
unexpected, as the LEV concentrations from the interme-
diate release profile after the two-fold dilution, which is
shown earlier in Fig. 5B, fall within the same range as that
of the burst release profile throughout the six days.
Fittingly, similar biofilm eradication rates are observed in
Fig. 6B between the burst and the intermediate release
profiles, where the variations in the viable CFU between
the two release profiles still fall within the experimental
uncertainties.

Antibiotic Susceptibility of Biofilm-Derived
Planktonic Cells

Two separate time-kill studies (i.e. real and pseudo time-
kills) are conducted in which the LEV concentration is
varied between 0.14 and 1.80 µg/mL. In the pseudo time-
kill, the susceptibility testing is conducted against planktonic
cells shed from one-day-old biofilm cells that have not been
exposed to antibiotics. In the real time-kill, the testing is
conducted against planktonic cells shed from biofilm cells
that have been exposed to antibiotics for a period of one to
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six days. For brevity, the biofilm-derived planktonic cells
used in the pseudo- and real time-kill studies are referred
from this point onwards as fresh and exposed biofilm-
derived planktonic cells, respectively.

The results of the antibiotic susceptibility testing in Fig. 8
indicate that the growth of the fresh biofilm-derived
planktonic cells is successfully inhibited in the range of the
LEV concentrations investigated, as reflected in OD600 ≤
0.1 that is observed for the most part. The results are well
expected, as the lowest LEV concentration investigated is
close to five times the MIC value. On the contrary, the
exposed biofilm-derived planktonic cells exhibit a signifi-
cantly lower antibiotic susceptibility than the fresh ones,
where a minimum of 0.60 µg/mL of LEV (≈ 20 × MIC) is
needed to inhibit the planktonic cell growth.

DISCUSSION

The time-kill results from the three antibiotic release profiles
indicate that LEV concentration that is significantly higher
than the MBIC value (i.e. >1.10 µg/mL) is needed to inhibit
the biofilm growth caused by the multiplications of the
surviving persister cells. The results hence signify the
importance of the antibiotic exposure history because
the surviving persister cells, as part of their defensive response,
acquire a higher antibiotic tolerance after the initial antibiotic
exposure. Nevertheless, the higher antibiotic tolerance ac-
quired by the surviving persister cells after the initial dosing is
often overlooked in many biofilm susceptibility studies
because of the daily, or even more frequent, administrations
of a new dose in these studies, which mask the higher
antibiotic tolerance of the surviving biofilm cells. Another
reason for the overlook is because of the short duration of the
antibiotic exposure examined in these studies.

Simply maintaining the LEV concentrations slightly
above the MBIC value is therefore inadequate to inhibit
the biofilm growth, as the MBIC value is determined from

biofilm cells that have no previous antibiotic exposure. At
the current LEV dose, the burst and the intermediate
release profiles are more effective than the slow release
profile in terms of slowing down the biofilm formation
recurrence because of their higher initial antibiotic concen-
trations. Nevertheless, neither of them is effective in
inhibiting the growth of the surviving persister cells over
the six days unless a new dose is administered daily.

The question that remains is whether the higher
antibiotic tolerance acquired by the surviving persister cells
is dependent on their antibiotic exposure on Day 1. The
effect of increasing the LEV dose on the biofilm eradication
rate is therefore investigated, where the total amount of
LEV used is increased from 0.16 mg to 0.30 mg. The
PLGA ESE nanoparticles are employed, as their interme-
diate release profile allows the LEV concentration to
remain above 1.10 µg/mL for a prolonged period, while
at the same time providing a high initial antibiotic
concentration needed for the purpose of this study.

The day-to-day variations of the LEV concentrations and
the corresponding time-kill results are presented in Fig. 9.
Owed to the higher dose, the LEV concentration on Day 1
is equal to 3.20 µg/mL, and the LEV concentrations do not
fall below 1.10 µg/mL for three days. On Day 1, ≈ 99.99%
of the biofilm cells are eradicated, indicating the survival of
the 0.01% subpopulation persister cells. On Days 2 and 3,
the LEV concentrations (≥ 1.10 µg/mL) can sufficiently
inhibit the growth of the surviving persister cells. As the LEV
concentrations fall below 1.00 µg/mL from Day 4 onwards,
the biofilm growth picks up its pace, resulting in a complete
recovery of the biofilm cells on Day 5.

The results from Days 2 and 3 indicate that the new
MBIC value of the surviving persister cells is approximately
equal to 1.10 µg/mL, which is more than seven times above
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the MBIC value prior to the antibiotic exposure. Interest-
ingly, even though the LEV concentration drops to
0.60 µg/mL on Day 4, the biofilm growth is relatively
benign, as only approximately two log (CFU/peg) new
biofilm colonies are formed. The intermediate release of the
higher LEV dose hence eliminates the need for daily dosings,
as the biofilm growth is suppressed for up to four days.

The time-kill results at a lower LEV dose presented
earlier in Fig. 6B, however, suggest that 1.10 µg/mL of
LEV on Day 2 is insufficient to inhibit the biofilm growth
of the surviving persister cells, despite a similar number of
viable biofilm colonies present initially. The main difference
between the two studies lies in their LEV concentration
on Day 1, where the one conducted at the lower dose is at
2.25 µg/mL, and the one conducted at the higher dose is at
3.20 µg/mL. The results therefore suggest that the higher
antibiotic tolerance of the surviving persister cells is
dependent on their initial antibiotic exposure, where the
higher the LEV concentration on Day 1, the lower the
increase in the antibiotic tolerance of the surviving persister
cells.

The importance of a high initial antibiotic exposure on
the subsequent biofilm eradication rates denotes the
preference of having a biphasic intermediate release profile,
where the fast release in the beginning ensures the high
initial antibiotic concentration, which is followed by the
slower release that maintains the antibiotic concentration
above the new MBIC value of the surviving persister cells
for a prolonged period. In this regard, a similar impact can
be achieved using the burst release profile provided that the
initial dose is sufficiently high, but remains below the
toxicity limit, to sustain the antibiotic concentrations above
the new MBIC value of the surviving persister cells between
dosings. On the contrary, to obtain a high initial antibiotic
exposure in the slow release profile is not practical, as it
requires a significantly larger amount of nanoparticles due
to the lower drug loading, hence limiting their feasibility to
be delivered by inhalation.

The antibiotic susceptibility of the biofilm-derived
planktonic cells is investigated to examine whether they
respond in the same manner as the surviving biofilm
persister cells in terms of acquiring a higher antibiotic
tolerance upon their exposure to antibiotics. The results
indicate that the surviving persister biofilm cells transfer
their lower antibiotic susceptibility to their progeny. The
exposed biofilm-derived planktonic cells, however, do not
necessarily become invulnerable towards antibiotics like the
persister cell, as the persister cells have been found to not
transfer their invulnerability towards antibiotics to their
progeny (38).

The lower antibiotic susceptibility of the exposed
biofilm-derived planktonic cells, however, can also be
possibly caused by the presence of floating planktonic cells

that originate from the non-eradicated mature biofilm cells,
which are not present in the fresh biofilm-derived plank-
tonic cell population. In this regard, mature biofilm cells
are known to exhibit a higher antibiotic tolerance than the
young biofilm cells because their cells are less permeable
and less metabolically active (39). Nevertheless, mature
biofilm cells are typically embedded deeply in the biofilm
matrix, such that the ones shed into the planktonic state
predominantly consist of young biofilm cells that occupy the
periphery fs. Therefore, the role of the mature biofilm cells
in the lower antibiotic susceptibility of the exposed biofilm-
derived planktonic cells is likely to be minimal, though it
cannot be ruled out completely.

CONCLUSION

The results of the biofilm susceptibility testing of the
antibiotic-loaded nanoparticles signify the importance of the
initial antibiotic exposure on the biofilm eradication rates,
where the surviving biofilm cells exhibit a higher antibiotic
tolerance than the fresh biofilm cells depending on the initial
antibiotic concentration. In this regard, the lower the initial
antibiotic exposure, the higher the increase in the antibiotic
tolerance of the surviving biofilm cells. Furthermore, the
surviving biofilm cells transfer their lower antibiotic suscepti-
bility to their biofilm-derived planktonic cell progeny, hence
promoting the exacerbations. A successful inhaled antibiotic
therapy against biofilm infections requires a biphasic extend-
ed release profile, where the fast antibiotic release in the
beginning ensures a high initial antibiotic concentration and
the slower extended release sustains a sufficiently high
antibiotic concentration to inhibit the biofilm growth and to
minimize the exacerbation.
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