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ABSTRACT: Sonication-assisted layer-by-layer (LbL) self-
assembly is a nanoencapsulation technique based on the
alternate adsorption of oppositely charged polyelectrolytes,
enabling the encapsulation of low solubility drugs. In this
work, a top-down LbL technique was performed using a
washless approach and ibuprofen (IBF) as a model class II
drug. For each saturated layer deposition, polyelectrolyte
concentration was determined by titration curves. The first
layer was constituted by cationic poly(allylamine hydro-
chloride) (PAH), given the IBF negative surface charge,
followed by anionic polystyrenesulfonate (PSS). This polyelectrolyte sequence was made up with 2.5, 5.5, and 7.5 bilayer
nanoshells. IBF nanoparticles (NPs) coated with 7.5 bilayers of PAH/PSS showed 127.5 ± 38.0 nm of particle size, a PDI of
0.24, and a high zeta potential (+32.7 ± 0.6 mV), allowing for a stable aqueous nanocolloid of the drug. IBF entrapment
efficiency of 72.1 ± 5.8% was determined by HPLC quantification. In vitro MTT assay showed that LbL NPs were
biocompatible. According to the number of coating layers, a controlled release of IBF from LbL NPs was achieved under
simulated intestinal conditions (from 5 h up to 7 days). PAH/PSS-LbL NPs constitute a potential delivery system to improve
biopharmaceutical parameters of water low solubility drugs.
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■ INTRODUCTION

The development of versatile and efficient nanoparticulate
carriers for low solubility drugs is of outmost interest, due to
the significant increase of the dissolution rate, which in turn can
lead to increases in the drug bioavailability.1

Several nanoparticulate delivery systems have been recently
developed; however, some limitations still have to be overcome.
Micelles offer appropriate nanoparticle (NP) size, but for low
water solubility drugs, low loading capacities are achieved.2,3

On the other side, drug-loaded polymeric coacervates show
larger particle sizes and low drug-loading capacities.4 Synthetic
polymer−drug conjugates have concerns related to lack of
stability, low drug-holding capacity, and absence of controlled
drug delivery.5

Layer-by-layer (LbL) self-assembly is a promising approach
that assembles polyelectrolyte (PE) multilayer shells into drug-
loaded particles.6,7 LbL coating is obtained by the alternated
addition of polycations and polyanions to the system under
sonication, assembling thin PE shells on drug particles surface.
After the first PE deposition, the highly charged polymeric layer

is formed on the drug NP surface, preventing aggregation when
the sonication stops.8 Particles can display different properties
based on the nature of the PEs and the architecture of the
charged PE shell or the number of coating cycles.9 These
systems allow for high low solubility drug content and high
aqueous physical stability.10 The appropriate design of shell
architecture at nanometer level enables the control of drug
release.8

LbL fabricated PE particles have successfully modified the
solubility of drugs; however, in most cases these systems
showed a diameter of a few micrometers,10 which is too large to
increase drug dissolution velocity. Reducing particle size into
the nanoscale leads to a surface area increase and, consequently,
increases the drug dissolution velocity.11 These formulation
improvements together with the versatility of formed nano-
particulate carriers resulted in a growing interest in the
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application of LbL drug delivery systems into the nanoscale.12

Therefore, LbL NPs can be successfully employed if the
dissolution velocity is the rate-limiting step for absorption of
Biopharmaceutics Classification System (BSC) II drugs
intended for the oral route.13

The production of LbL self-assembly NPs can be achieved
using sonication by a top-down or a bottom-up approach. A
top-down approach refers to a particle size reduction technique
for drug direct nanoencapsulation. In this case, aqueous
suspensions of micron sized drugs are submitted to sonication
to decrease the size of drug to the nanoscale. The continuous
sonication prevents fast agglomeration of smaller particles and
the application of the LbL technology promotes suspension
stabilization. On the other hand, the bottom-up approach is
based on the drug nucleation in the cosolvent after its
dissolution in organic solvent. Comparatively, the top-down
approach has been shown to be more efficient in the
preparation of large amounts of ∼200 nm capsules. The
bottom-up approach, in turn, was shown to be more efficient in
producing smaller capsules of ∼100 nm, but with lower product
yield.14 Moreover, the use of organic solvents used in bottom-
up approaches raises environmental and human safety concerns
over residual solvent. For these reasons, a top-down approach
was chosen for this work.
The traditional LbL technique uses intermediate washings to

remove the excess of PE after each layer deposition. These
repetitive washings are time and PE consuming, conduct to
process losses, and are less adaptable to common manufactur-
ing processes.8 New and detailed characterizations of LbL shell
compositions produced without using intermediate washings
are being reported to avoid these drawbacks. Using
simultaneous sonication-assisted breakup of native microsized
hydrophobic drugs into nanocrystals with PE adsorption yields
coated nanocrystals in a process without intermediate
centrifugations.12 Thus, nanocoating layers formed in equili-
brium or reduced PE concentrations are emerging toward the
simplification and maximization of NPs production.14,15

Multiple works used 3−5 μm multilayer LbL shells to encase
highly soluble proteins and drugs using sacrificial tem-
plates.16−19 Nowadays, many efforts are directed toward
encapsulation of low solubility drugs and perform drug direct
encapsulation, avoiding the use of sacrificial cores.10

The design of LbL nanovehicle systems only recently
reached the desirable level of properties for efficient systemic
delivery such as minimum toxicity due to biodegradable
materials, nanocolloidal stability using isotonic formulations,
and prolonged in vitro and in vivo release of encased drugs.12,20

The LbL nanoencapsulation increased the solubility of
curcumin,21 tamoxifen,8 paclitaxel,8,14,15 resveratrol,22 and
camptothecin.15,23 This technique has been successful by
making use of either synthetic polymers such as poly(allylamine
hydrochloride) (PAH),14,22 polystyrenesulfonate (PSS),14,22,23

and poly(diallyldimethylammonium chloride) (PDDA),22 or
natural polymers such as bovine serum albumin (BSA),14,15,23

protamine sulfate,14,22 chitosan,14,22 alginate,14,22 polyethyleni-
mine,15,23 poly-L-lysine,15 and heparin.23 The application of the
LbL nanoencapsulation to increase the solubility of drugs to be
administered orally requires a fully physicochemical character-
ization of the nanoparticulate system, a biopharmaceutical
characterization through gastrointestinal (GI) simulating
dissolution tests, biocompatibility, and biodegradability studies.
The novelty of the present work was to prepare low solubility

drug-loaded NPs for oral delivery by sonication-assisted LbL

top-down nanotechnology without intermediate washings. New
architectured PE-coated shells were constructed. Ibuprofen
(IBF) was chosen as a low solubility model drug, and PAH and
PSS as PEs with low molecular weight, regarding their high
surface charge, stability, and biocompatibility.8 The resulting
IBF NPs were characterized with regard to morphology,
particle size, zeta potential, drug-loading, stability, in vitro
release, and cytotoxicity.

■ EXPERIMENTAL SECTION
Materials. Poly(allylamine hydrochloride) (PAH, MW ∼ 15 kDa),

polystyrenesulfonate (PSS, MW ∼ 75 kDa), fluorescein isothiocyanate
(FITC), gel chromatography Sephadex PD10 columns (Amersham
Biosciences, Wikströms, Sweden), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) reagent, and Dulbecco’s
modified Eagle medium (DMEM) were purchased from Sigma-
Aldrich (Steinheim, Germany). Fetal bovine serum (FBS) samples
supplemented with PenStrep and trypsin were acquired from Life
Technologies Corporation (Paisley, U.K.). IBF was kindly donated
from Medinfar-Amadora, Portugal. Milli-Q water was used at pH 7.0−
7.2. All other reagents were of analytical grade and were used as
received.

Nanoparticles Preparation. IBF was dispersed at 0.5 mg/mL in
1−5 mL of Milli-Q water. For initial dispersion, IBF was sonicated 5
min using an ultrasound bath sonicator (Bandelin Sonorex Super,
Bandelin, Berlin, Germany). IBF particle size and zeta potential were
periodically measured during the sonication-assisted LbL procedure.
Polycation PAH was used under continuous sonication to form the
first surface layer, since IBF nanocores were found to bear intrinsic
negative charge. To determine the PE concentration to completely
coat IBF nanocore surfaces, PE titrations depending on zeta potential
and particle size of NPs were made through the dropwise addition of
PAH at 1 mg/mL to IBF NPs. After the first PAH layer addition, the
LbL process was continued with the use of the titrated concentration
of the oppositely charged PSS at 1 mg/mL. The LbL assembly was
carried up to 7.5 bilayers of PAH/PSS shell, through the following
alternate addition of PEs PAH and PSS. The formulations with 2.5,
5.5, and 7.5 LbL bilayers were considered for further studies which are
discussed below.

Particle Size Analysis. The particle size and polydispersity index
(PDI) were investigated by dynamic light scattering (DLS) using a
particle size analyzer (DelsaNano C Submicron, Beckman Coulter
Delsa, Krefeld, Germany). Mean diameter, size distribution, and PDI
of aqueous NPs suspensions were determined for 5 min in triplicate at
25 °C with an angle measurement of 60°, after an equilibration time of
3 min. For each measurement, the NP suspension was diluted in Milli-
Q water to an appropriate concentration to avoid multiple scattering.
Results are presented as mean ± standard deviation, extracted from the
Cumulants algorithm.24,25 The instrument was checked and calibrated
using standard latex nanoparticles (Beckman Coulter, Inc.).

Zeta Potential Analysis. Zeta potential measurements were taken
by electrophoretic light scattering (ELS) using a Nano Zeta Potential
Analyzer (DelsaNano C Submicron, Beckman Coulter Delsa, Krefeld,
Germany). Measurements were taken in a Flow Cell (Beckman
Coulter Delsa) at 25 °C, and Milli-Q water (pH 7.0−7.2) was used as
diluent to proper concentration. The zeta potential was calculated
using the Helmholtz−Smoluchowsky equation. Values are presented
as means of triplicate runs per sample. The instrument was routinely
checked and calibrated using a mobility standard (Beckman Coulter,
Inc.).

Microscopic Analysis. An optical microscope equipped with a
Digital Sight DS-U2 microscope camera controller was used to
evaluate IBF crystals size and to check for IBF crystals presence in LbL
NP formulations. The sample preparation was made by placing a 10
μL-drop of diluted NPs suspensions between glass slides.

The shape and surface morphology of NPs was monitored using a
Jeol SM-6010LV/3010LA scanning electron microscope (SEM). For
SEM analysis a 10 μL drop of diluted NPs suspension was placed onto
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a metal plate and kept overnight at room temperature inside a
desiccator.
To control and confirm the deposition of polycation layers in the

LbL shell formation, PAH was labeled with FITC, and NPs were
monitored by using a laser scanning confocal microscope, Zeiss LSM
510 Meta (Carl Zeiss Inc., Göttingen, Germany), equipped with a 63×
oil immersion objective Plan-ApoChromat with numerical aperture of
1.4. To obtain FITC labeled-NPs, PAH was tagged with FITC, based
on a method described elsewhere.26 FITC was covalently bound to
PAH by the slow addition of FITC dissolved in dimethyl sulfoxide
(DMSO) to the PAH buffered solution in excess, using a proportion of
0.05:1 (v/v). The FITC not utilized in the coupling reaction was
removed by gel chromatography in a Sephadex PD10 column. The
purified FITC-labeled PAH was stored in the dark at 4 °C until further
use.
Determination of Drug Encapsulation Efficiency. Non-

encapsulated IBF was separated from NP suspension by centrifugation
(1000 rpm, 10 min) using an Eppendorf Mini Spin centrifuge
(Hamburg, Germany). The IBF LbL NPs collected in the supernatant
were analyzed for IBF, and the encapsulation efficiency (EE) of IBF is
defined as the following equation (eq 1):

= ×

encapsulation efficiency (%)
actual amount of IBF loaded in NPs

theoretical amount of IBF loaded in NPs
100

(1)

For IBF quantification, IBF NPs were submitted to an extraction
with the high performance liquid chromatography (HPLC) mobile
phase 1:5 (v/v) followed by vortex agitation for 1 min and sonication
for 5 min. IBF assay was performed with a HPLC column by using a
previously HPLC reported method.27 The HPLC analysis was carried
out by a Shimadzu LC-2010CHT apparatus equipped with a
quaternary pump, an autosampler unit, and a L2450 UV−vis dual
wavelength detector. A RP18 (4.6 mm × 125 mm) Lichrospher 100
analytical column (Merck KGaA, Germany), with a precolumn, was
employed for the analysis. The mobile phase consisted of a 60:40 (v/
v) mixture of acetonitrile/water adjusted to pH 2.5 with orthophos-

phoric acid with a flow rate 1.0 mL/min, an injection volume of 20 μL,
and detection at 264 nm at 30 °C.

Stability Studies. LbL NP formulation stability was evaluated by
particle size and zeta potential measurements at specified time point
over a total of a 14 days period. All measurements were carried out at
room temperature (25 °C).

In Vitro Drug Release Assays at Sink Conditions. The release
tests of IBF from NPs were performed in simulated gastric (pH 1.2)
and intestinal (pH 6.8) fluids without enzymes, according to United
States Pharmacopeia (USPXXIV).

In order to comply with sink conditions during in vitro release
studies, the saturation solubility was determined. Excess IBF powder
(60 mg) was added to 10 mL portions of both media, and these
samples were kept under agitation for 24 h (37 °C/100 rpm). Aliquots
of 2 mL each were withdrawn every 2 h and immediately centrifuged
(13 400 rpm/10 min). The supernatant was filtered using a 0.45 μm
syringe filter (GHP Acrodisc, Pall Gelman Laboratory), and the
filtered samples after suitable dilution were assayed for IBF by HPLC,
as described above. All syringes, pipettes, filters, and vials used were
preheated to 37 °C in an oven. The solubility experiments were
performed in triplicate (n = 3).

For the release studies, 1.5 mL of purified IBF-loaded NPs
suspension was sealed into a dialysis membrane bag28 with a molecular
weight cutoff of 3500 Da. The membrane was immersed into 50 mL of
each media at 37 °C and stirred at 100 rpm. At fixed intervals, 0.5 mL
of medium was withdrawn and filtered using a 0.45 μm syringe filter.
At the same time, the same volume of fresh medium was added to the
release medium. The concentration of released IBF was determined by
HPLC, using the previously described method. In vitro IBF release
studies were performed in triplicate (n = 3).

Cytotoxicity MTT Assay. The cytotoxicity of LbL NPs against
Caco-2 cells was studied using an MTT assay. Caco-2 cells were
obtained from European Collection of Cell Cultures and were used
after 71−74 passages. The cells were cultured at 37 °C and 5% CO2, in
DMEM with 10% FBS supplemented with 1% PenStrep. Subcultures
were performed by detaching the cells with trypsin. These studies were
performed after 18 h incubation of 100 μL of a Caco-2 cell suspension

Scheme 1. Schematic Presentation of LbL NP Formation from Low Solubility Drugs by Washless Top-Down LbL PE Assemblya

aDrug native microcrystals are first dispersed in water (a), and subjected to ultrasonication up to the attainment of drug NPs (b), followed by
adsorption of a polycation layer (c) and polyanion layer (d) and so on (e, f, ...) up to the desired number (n) of PE bilayers upon the LbL shell,
showing a characteristic naked eye Tyndal Effect (n).
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seeded in a 96-well plate at a density of 105 cells/mL. Prior to the
addition of the NPs, the medium was removed, and 100 μL of new
complete medium was added. Serial dilutions of the LbL NPs were
prepared in DMEM free of serum at a concentration range between
11.7 μg/mL and 1500 μg/mL. 100 μL of each NPs sample were added
and incubated with the cells for 24 h, at 37 °C and 5% CO2. After 24 h,
the MTT cytotoxicity assay was performed. The cell viability (%)
related to control (cells in culture medium without NPs) was
calculated by the following equation (eq 2):

=
−
−

×

cell viability (%)
ODsample(540 nm) ODsample(630 nm)
ODcontrol(540 nm) ODcontrol(630 nm)

100
(2)

■ RESULTS AND DISCUSSION
The sonication process was shown to be able to reduce IBF
native micron ranged crystals (Scheme 1a) to the nanometer
scale (Scheme 1b). Keeping these IBF NPs under sonication
prevented their fast agglomeration. Subsequently, the applica-
tion of LbL coating, by the adsorption of successive alternating
charged PE coatings of PAH and PSS, allowed for colloidal
stabilization (Scheme 1c−n). Sufficient PE concentrations for
each shell layer saturated deposition were determined by
tracing titration curves (Figure 1), avoiding unwanted
intermediate washings. A top-down approach using a washless
LbL technique produced successfully PAH/PSS-constituted

multilayer shell NPs containing IBF. These NPs are proposed
as potential oral delivery systems for a low solubility drug. NP
process formulation and characterization are described below in
detail.

Layer-by-Layer Preparation and Characterization of
Ibuprofen Nanoparticles. Titrations of Polyelectrolyte
Concentrations. Initially, the intrinsic magnitude charge of
IBF nanocores was determined by a zeta potential measure-
ment. A value of −15.1 ± 2.1 mV reflected the IBF nanocore’s
negative surface charge, as shown in the first point of the
titration in Figure 1a. Since the LbL process is based upon
electrostatic interactions between the core drug and the PEs,
the surface charge determination of the core drug was crucial to
knowing the order of addition of the PAH/PSS PE pair to
cover its surface. In this study, the first added PE was the PAH
polycation, followed by the addition of PSS polyanion second.
In order to establish an optimal sonication-time condition,

the sonication time required to achieve the first PE coating
layer (which corresponded to the IBF nanocores’ surface
coating with PAH) was tested for particle size. As can be seen
in Figure 2, sonication time strongly influenced particle size,
and a 20 min sonication of initially low solubility IBF
microcrystals in the presence of PAH allowed the attainment
of IBF-PAH NPs with a particle size of 122.0 ± 37.6 nm and a
PDI of 0.24. NPs formation was confirmed by suspension
opalescence associated with the Tyndall effect as depicted in

Figure 1. Zeta potential against PE concentration for 0.5 mg/mL IBF NPs. Four sequential steps of polycation/polyanion deposition are shown in
the stepwise addition of (a) PAH to IBF nanocores, (b) PSS to IBF-PAH NPs, (c) PAH to IBF-(PAH/PSS) NPs, and (d) PSS to IBF-(PAH/PSS)1.5
NPs.
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Scheme 1n. Further increase in the sonication time beyond 20
min did not decrease particle size, and after 40 min the particle
size started to slightly enhance. This was probably a
consequence of the bridging of larger drug particles with the
PE.14 After the coating layer deposition of PAH over IBF
nanocores, the strongly positive charge prevented aggregation
and maintained colloidal stability to continue LbL shell
formation with more coating PE layers.
After optimization of the sonication time, the ideal PE

concentration for each coating layer was examined. Regarding
this, a range of PE concentrations were investigated for each
layer, and the resulting zeta potentials were measured. The
stepwise PE addition enabled the construction of the respective
titration graphs, depicted in Figure 1. In practice, this
corresponds to the complete PE deposition on the NPs surface
for each LbL coating layer, determined by the recharging point
in each titration curve. This point was the requisite to proceed
for the next PE coating layer deposition.
Starting with IBF nanocores, the titration curve regarding the

PAH surface deposition is depicted in Figure 1a. As can be
seen, the point of plateau for the zeta potential started at 6.7 ±
4.1 μg PAH/mg IBF. After PAH addition and complete surface
coating, the PE was switched to negative polyanion PSS, and
that titration corresponds to Figure 1b. The titration of IBF-
PAH NPs enabled the determination of the point of the plateau
at 9.3 ± 2.5 μg PSS/mg IBF. In the third step, PAH was added
to IBF-(PAH/PSS) NPs, and the point of plateau was 6.7 ± 1.8
μg PAH/mg IBF, as shown in Figure 1c. The fourth titration
graph, Figure 1d, shows the addition of PSS to IBF-(PAH/
PSS)1.5 NPs, and the corresponding value was 14.7 ± 2.1 μg
PSS/mg IBF. Thus, it is noteworthy that the addition of the
following coating PE layer was only performed after adding the
previously determined ideal concentration.
The analysis of the titration curves of IBF nanocores when

using cationic PAH and anionic PSS enabled the observation of
differences. Upon PAH addition, an increasing effect on zeta
potential value along with a more gradual plateau onset were
verified, following an exponential fitting model (R2 > 0.97 for
both titrations, Figure 1a,c). On the other hand, PSS originated
a clear plateau onset point, approaching a sigmoid fitting model

(R2 > 0.95 for both titrations, Figure 1b,d). This difference
could be explained by the difference in charge density of the
used PEs. PAH shows more molecular loops and tails than
PSS,29 and it was only partially charged at the pH assay
(neutral, pH = 7.0), giving the origin of thicker layers that can
have hidden negatively charged patches. Furthermore, when
PAH constituted the outermost layer, the highly positively
charged molecules adhered to the previous layers and also
protruded into the dispersion medium. This phenomenon
increased PAH density and charge, which directly influenced
zeta potential but in parallel created a lack of complete PE
saturation, as is visible in the titration curves of Figure 1a,c. On
the other hand, the addition of PSS to positive surfaces had just
a little influence on the surface charge values, initially. This was
due to the adsorption of PSS in the interior PAH loops. After
overcoming PAH tails and loops, PE molecules started to form
negative patches on the surface until achieving complete surface
coverage, when a steep change in zeta potential values occurred,
contrary to the PAH behavior.29 This fact is related to the
washless LbL technique which allows the achievement of
thinner PE coating layers, more encompassed layers, and thus
more PEs chains interpenetration.30

As it can be seen in Figure 1, titrations were only depicted for
the first four PE coatings, as previously discussed. However,
titrations were performed and analyzed up to two and a half
PEs bilayer, namely, IBF-(PAH/PSS)2.5. The two and a half PE
bilayer formulation (IBF-(PAH/PSS)2.5) was the less complex
studied formulation. For this reason, it was considered for
physical stability evaluation before addition of further LbL
coatings, and consequently before the preparation of more
complex formulations. These NPs were shown to be physically
stable for at least 1 week, as is depicted in Figure 3a. Once
physical stability with two and a half bilayers was acquired, the
complete titration procedure for each next coating step, which
was shown to be a tedious and slow protocol, was therefore
avoided. The addition of the PE layers after the two and half PE
bilayers was done just until sufficient physical stability was
obtained. This was attained without precisely determining the
critical plateau point as before, namely, by the determination of
the PE concentration that allowed for charge reversal without
aggregation. In practice, it corresponded to the attainment of
+20 and −15 mV zeta potential magnitudes without significant
changes in particle size for PAH and PSS coatings.
After all the LbL coatings were done through the

determination of necessary PE concentrations for each PE
layer coating, IBF LbL-coated NPs were produced by ensuring
no PE excess for the LbL successive coatings. A washless
technique was developed for PAH/PSS coating up to 7.5
bilayers with homogeneous particle size populations at the
desired nanoscale interval (100−200 nm).
Three different formulations of IBF NPs were studied,

namely, with 2.5, 5.5, and 7.5 PE LbL bilayers.
Zeta Potential. The values of zeta potential magnitudes

monitored during the process of sequential PAH/PSS
adsorption upon IBF nanocores are present in Figure 4. The
results showed that after adsorption of PAH to IBF nanocores
with negative surface under sonication, drug NPs were
recharged to a high positive surface charge (+60.0 ± 4.1
mV). These values revealed that the first PAH layer conferred
high physical stability to the IBF nanocores. LbL assembly
proceeded with the addition of the polyanion PSS, and the
surface charge was again reversed to negative values (−22.8 ±
2.5 mV). The addition of the PAH constituted-third shell layer

Figure 2. Particle size of IBF cores, with ∼73 μm of initial particle size,
in response to sonication time. PAH was present in solution for the
first polymeric monolayer on the IBF nanocores surface and prevented
particle aggregation after the removal of ultrasound.
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(one and half PEs coating bilayer) again promoted charge
reversal, by the formation of a highly positively charged layer.
The LbL assembly was proceeded by consecutively alternating
both PE additions. The most complex performed formulation
corresponded to the IBF NPs coated with a multilayer shell of
7.5 PAH/PSS bilayers, showing zeta potential higher than +30
mV.
As shown in Figure 4, the high surface potential remained

constant during all the studied PE layer depositions up to the
2.5−3.0 bilayers. After this point a slight reduction on the
magnitude of zeta potential was observed, depicted in the
shrinkage of the final part of graph. Furthermore, the values
showed significant differences between initial and final LbL
shell coatings, corresponding to zeta potential values either for
PAH and PSS layers. This happened due to the partial PE
coating of the outermost layers, as well as due to the existence
of secondary interactions between PEs of different bilayers,
which triggered a decrease in the surface charge density.31

Given the higher zeta potential magnitude of PAH layers
(around +40 mV) compared to PSS layers (close to −20 mV),
PAH was the chosen PE for the last layer, providing higher
stability to these formulations.
The evaluation of zeta potential values during LbL assembly

demonstrated alternation of the surface potential due to
sequential polycation/polyanion deposition steps, confirming
the surface recharging, the driving force of the process. This
recharging, in turn, led to the conclusion that PE attachment to
the NPs surface occurred and the complete coating was formed
after each PE deposition step.

Particle Size. Particle size of NPs was evaluated after each
layer deposition during the LbL assembly technique, and the
results are depicted in Figure 5.
LbL technique allowed for homogeneous size distributions of

100−150 nm with PDI values around 0.20 for all LbL
formulations. This suggested that NPs had an acceptable
monodispersity distribution, without aggregation. Focusing on
Figure 5, it is possible to see that during LbL assembly particle
size suffered oscillation, which depended on the PE nature of
the outermost layer. Particle size was significantly higher than
200 nm when PSS was used as the outermost coating layer of
the LbL shell. The difference in the particle size, together with
the previously discussed corresponding zeta potential analysis,
suggested a slight aggregation process when using PSS. This
behavior was reversible by the addition of the next PAH layer.

Figure 3. (●) Particle size and (○) zeta potential changes of IBF LbL
NPs prepared with (a) 2.5, (b) 5.5, and (c) 7.5 bilayered coatings of
PAH/PSS IBF for 14 days at 25 °C.

Figure 4. Zeta potential changes of IBF coated up to 7.5 coating bilayers, IBF-(PAH/PSS)7.5, during process shell assembly, by top-down and
washless approach.
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Observed NPs restabilization was caused by the phenomenon
of NPs collapse in the presence of oppositely charged PEs able
of decrease their interparticle bridging activity. Also, this
occurred due to the increased particle surface charge, which led
to higher electrostatic repulsion and decrease of the area
occupied by single polymer molecules. In fact, when using PSS
as the outermost coating layer in the LbL coating shell, zeta
potential values were dominated by the anionic PE charge.
However, the surface was still patched with protruding positive
PAH chains which could have attached to negatively charged
regions of other particles and have caused higher aggregation.29

Thus, as PAH conferred higher physical stability to the NPs,
this PE was used at the outermost layer of the LbL shell
architecture in all of the three present studied NPs
formulations.
Nanoparticle Imaging. The morphology and particle size

of IBF NPs samples formulated by the LbL technology into the
nanocolloidal state were evaluated by SEM and confocal
microscopy. Supporting Information Figure S1 shows SEM
images of native IBF crystals (Figure S1a) and prepared IBF
LbL NPs (Supporting Information Figure S1b).
These images showed the reduction of characteristic needle-

like shaped original IBF microsized crystals (73 ± 46 μm) to
the nanoscale (100−150 nm), by the formation of square-like
shaped NPs. Probably, this shape of NPs reflected IBF
crystalline structures after LbL coating under sonication.22

It can be seen also that particle size analysis by SEM results
(even without a high resolution) are in agreement with the sub-
micron-sized colloidal particles obtained by DLS, depicted in
Figure 5 and Table 1.
FITC-labeled PAH was prepared in order to formulate

fluorescent LbL NPs (Supporting Information Figure S1c).
Although the resolution of the confocal microscope (close to
100 nm) did not allow for detailed structure visualization, it was
possible to see well-dispersed fluorescent green dots, which

color is due to FITC labeling. This fluorescence of NPs
confirmed the attachment of the fluorescent PAH to the NPs
LbL shell. In order to overcome the confocal microscopy
resolution limit and better confirm the presence of the PAH PE
layer upon IBF nanocores surface, larger particles (micro-
particles) were prepared. These NPs were achieved using a
shorter sonication time (5 min) with just one PAH-labeled
FITC layer adsorbed on surface cores of IBF (Supporting
Information Figure S1d). It can be seen that there is a
micrometer-sized LbL capsule cross-section which provides
evidence for the capsule wall, and therefore there is evidence of
the successful adsorption of PEs during the LbL technique.

Encapsulation Efficiency. Encapsulation efficiency of the
drug is an important index for drug delivery systems. The
number of coating layers did not affect the encapsulation
efficiency of IBF, which was higher than 70% for all the studied
formulations (Table 1). It can be concluded that IBF was
attached to PAH with high efficiency in the first step of LbL
coatings. As the encapsulation process was conducted by
electrostatic interactions, the first used PE in the LbL shell was
PAH that has many amine groups,32 which bound negatively
charged IBF in pH 7.0. The main loss was due to the process,
namely, the occurrence of splashed out particles of the
container under powerful sonication during the LbL process.
The present LbL NPs allowed the solubilization of IBF in
water, and therefore, this delivery system can be applied for
encapsulation of other II class drugs.

Stability Studies. One of the major aims of a nano-
formulation is to maintain the colloidal stability in order to
preserve its inherent physicochemical properties. Stability
studies of the LbL-coated NPs with 2.5, 5.5, and 7.5 PE
bilayers were performed over 14 days at room temperature
(Figure 3). In these conditions, particle size was not affected
during the first 7 days for all the formulations. After 7 days, all
formulations showed a particle size enhancement, which could

Figure 5. Particle size measurements of IBF coated up to 7.5 coating bilayers, IBF-(PAH/PSS)7.5, during process shell assembly, by top-down and
washless approach.

Table 1. Particle Size, Zeta Potential, and Encapsulation Efficiency of Ibuprofen Crystals and Ibuprofen Layer-by-Layer-Coated
Nanoparticles

formulation particle size (nm) PDI zeta potential (mV) EE (%)

nonencapsulated IBF native crystals 73 000 ± 46 000 NAa −15.1 ± 2.1 NAa

IBF-(PAH/PSS)2.5 NPs 135.3 ± 1.9 0.20 +45.7 ± 0.2 78.1 ± 3.9
IBF-(PAH/PSS)5.5 NPs 141.1 ± 16.0 0.20 +34.9 ± 0.8 74.4 ± 4.3
IBF-(PAH/PSS)7.5 NPs 127.5 ± 38.0 0.24 +32.7 ± 0.6 72.1 ± 5.8

aNA = not applicable.
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be caused by a zeta potential decrease, that could lead to
aggregation phenomena. This effect was more pronounced for
the most complex formulation (7.5 bilayers), whose particle
size values were significantly different in relation to the other
two formulations (2.5 and 5.5 bilayers). This was probably due
to the enhancement of the LbL shell complexity, which
triggered the existence of more bridging interactions between
neighboring particles. For 5.5 and 7.5 bilayered formulations,
changes were slighter in particle size and zeta potential during
the same period. Given these results, it was possible to
conclude that aqueous LbL-coated NPs were stable for 7 days
at room temperature. However, after this period of time,
stability was significantly decreased when the complexity of the
shell was enhanced. These results were in accordance with
heparin/PLB16-5-coated LbL NPs, that had shown higher
particle size values when the shell was composed with 7 bilayers
compared to 5 bilayers after 7 days at room temperature.23

In Vitro Release Studies. As IBF is a weakly acidic drug,
the release from LbL NPs may be pH-dependent. In order to
assess the potential of the LbL NPs to be used in drug delivery
systems, release studies of IBF native crystals (nonencapsulated
IBF) and IBF LbL NPs with different numbers of layered
PAH/PSS shells were carried out in simulated gastric and

intestinal fluids without enzymes at pH 1.2 (Figure 6a) and 6.8
(Figure 6b), respectively, maintaining body sink conditions.
As can be seen in Figure 6a, IBF native crystals showed a

lower dissolution profile in simulated gastric fluid in relation to
studied formulations of LbL NPs due to larger sized crystals in
relation to the NPs size,15,33 concomitantly with the low IBF
solubility in this medium.34 On the other hand, no effect on
dissolution rate of encapsulated IBF was observed among the
studied formulations of LbL NPs. Thus, no effect of shell wall
thickness on IBF dissolution was detected. Drug release was
overall faster for encapsulated IBF in relation to IBF native
crystals, and no correlation of IBF release with a release kinetics
model was found to be satisfactory in this release medium.
Regarding studied formulations of LbL NPs, at simulated
gastric pH the PAH/PSS capsule membrane was destabilized
due to the pKa of the PEs, affecting its integrity, and membrane
permeability was increased due to the pore formation,35

allowing for drug release. However, it is noteworthy that after
2 h of in vitro simulated gastric incubation, most IBF remained
associated with LbL NPs (around 60%).
In simulated intestinal fluid (Figure 6b), it can be observed

that LbL NPs allowed for a biphasic drug release pattern, with
an initial burst release followed by a controlled drug release

Figure 6. In vitro IBF release from (■) nonencapsulated crystals of IBF, and IBF LbL NPs prepared with (●) 2.5, (▲) 5.5, and (◆) 7.5 bilayered
coatings of PAH/PSS in (a) simulated gastric pH 1.2 fluid and (b) simulated intestinal pH 6.8 fluid in sink conditions at 37 °C. Data represent mean
± SD, n = 3.
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phase, showing a very good fit (R2 > 0.99 for all formulations)
with the exponential kinetic model following an apparent first-
order behavior. The release pattern of these NPs initially
revealed high release rate of IBF in the first 1.5 h, which can be
attributed to the diffusion of some adsorbed IBF molecules
onto the NPs’ external surface. It was followed by a controlled
IBF release phase attaining a plateau at 4 h in release medium
without significant changes in the IBF release up to 170 h (7
days). In a comparison of the different LbL studied
formulations, in 2 h, only 50.6% of IBF in 7.5-bilayered LbL
NPs was released as compared with of 59.7% of the 5.5-
bilayered LbL NPs, and 88.5% of the 2.5-bilayered NPs. An
increasing effect of the number of coating bilayers on delayed
release of IBF was observed. This effect was probably due to the
enhancement of shell wall thickness of NPs, which increased
the diffusional path for the encapsulated IBF and, thus, was
conducted for an IBF diffusion delay from the core to the LbL
net-like structure of oppositely charged PE-composed shell.36

These factors resulted in a decrease of the IBF release rate and
also in a decrease of the initial IBF burst release. Similar results
were found using other low water-soluble drugs, like paclitaxel
and isoxyl from nanocapsules.14,33 Like in the present LbL NPs,
the dissolution rate was found to decrease almost linearly with
increasing shell thickness. In fact, a prolongation of drug release
through the use of three coating PE bilayers was stated to be
already effective.33 Thus, an effect of LbL shell thickness on the
dissolution enhancement was found also for those low solubility
drugs. In another case, under sink conditions in PBS buffer pH
7.2, 40% of paclitaxel was released from (PAH/BSA)3-coated
NPs in 8 h as compared with 80% for one layer coated NPs.14 It
must be emphasized that IBF delayed release from LbL NPs
was much higher when compared to IBF release from chitosan/
dextran sulfate LbL microcapsules with 30 PE layers.16 In 2 h at
pH 1.4, previous microcapsules released close to 100% of the
IBF while in the present NPs less than 40% of IBF was released
at similar conditions. In higher pH the difference was even
higher, whereas microcapsules released all the encapsulated IBF
in less than 1 min at pH 7.4 compared to 4 h of delayed release
from NPs at similar conditions (pH 6.8). Theoretically, when
comparing LbL systems with similar PEs coating shells
compositions, lower-sized particles could lead higher dissolution
rate and thus higher drug release.12 However, other factors are
present in LbL formulations which influence drug release
pattern besides particle size, and a higher capacity of drug
delayed release in LbL NPs was verified when compared to LbL
microcapsules. As pore radius decreases with decreasing particle
size,37 the lower pore size distribution of the nanopores of the
NPs’ LbL shell and their pore−matrix structure probably
allowed for a lower displacement of the drug through the pores,
decreasing PE shell permeability,38 and thus delaying drug
release in relation to micropores present in microcapsules. The
nature of the PEs could also have contributed to this behavior,
since synthetic PEs show more resistance to environmental
changes than the natural PEs.39

The previously described increase in the LbL film thickness
effect was also responsible for incomplete IBF release from the
5.5 and 7.5 PE bilayered formulations. Nonreleased IBF was
confirmed to be inside LbL NPs through IBF quantification
inside in vitro release dialysis membranes, which was shown to
be in accordance to the maximum IBF released percentage (the
asymptotic value of the release model fitting), namely, ∼30%
and ∼50% of nonreleased IBF for 5.5 and 7.5 LbL bilayers. The
high electrostatic-based linkage of the PEs web around the drug

core seemed to enhance the strength with the number of LbL
PE bilayers. With the increase of the complexity of the LbL
shell, a lower fraction of free IBF was capable of diffusing to the
exterior. In addition, the nondegradable nature of the used PEs
can also have contributed to this behavior. Noncomplete drug
release from LbL PE bilayered shells was also exhibited for
higher layers number-composed LbL shells in previously
reported release profiles.14,15

2.5-Bilayered LbL NPs, which corresponded to the less
complex LbL formulation, led to IBF’s slightly faster release in
relation to nonencapsulated IBF. This was caused by the NP’s
smaller size and higher surface area in the formulation
compared to micrometer size and lower surface area of the
nonencapsulated IBF crystals. According to the Kelvin
equation, the increase in the curvature of the particle surface
triggers the increase in the dissolution pressure of the
substance, with solubility being substantially increased as
particle size decreases up to the nanoscale.40 The increased
solubility (or saturation solubility) of the drug is correlated to a
faster dissolution rate by the Noyes−Whitney equation.11

These results were in accordance to PLB16-5/Hep bilayered
LbL NPs which did not show significant influences on the drug
release rate for LbL shells thinner than 3.5 bilayers.15

PAH/PSS composed-shell LbL NPs showed a pH-dependent
drug release behavior, as previously reported.19 A suitable
gastro-resistant approach should be used to avoid drug release
in acidic medium, like gelatinous gastro-resistant capsules or the
use of an enteric coating polymer with a molecular weight
lower than 65 kDa to prevent colloidal aggregation.41

Cytotoxicity Assays. In vitro cytotoxicity evaluation can be
performed to screen pharmaceutical formulations before testing
in animals.42 MTT assay was chosen because is one of the well-
established cell viability assays, which is based on the capacity
of the cellular mitochondrial dehydrogenase enzyme in living
cells to reduce the yellow water-soluble MTT into a purple
formazan,43 therefore not evaluating the cell but its
mitochondrial activity.44 Caco-2 cells were used considering
the intended oral route of the NPs.
Previous studies had shown a good cytotoxic profile for

PAH/PSS capsules on different cell lines, which depended on
the dosage and also on the capsule’s size.45,46 The outermost
membrane layer effect on the toxicity had also been reported
before on L929 cell line, and results indicated comparable
results for PAH and PSS.47 In this work, the choice of PAH as
the outermost layer was previously explained with formulation
aspects. The potential cytotoxicity of PAH/PSS-constituted
LbL IBF NPs was evaluated with different numbers of coating
bilayers (2.5, 5.5, and 7.5 bilayers) by determining the viability
of the Caco-2 cells when exposed to NPs formulations (Figure
7).
A very good cytotoxicity profile was observed, indicating an

in vitro cytocompatibility of the LbL NPs in this cell culture
system. The concentrations where the cell viability decreased to
50% (IC50) were 845.1 ± 1.1, 771.2 ± 1.1, and 698.9 ± 1.1 μg/
mL for 2.5, 5.5, and 7.5-bilayered NPs, respectively. In the
presence of higher concentrations, the three mentioned NPs
formulations promoted a considerable increase in cytotoxicity,
wherein almost no cell viability was achieved at 1500 μg/mL.
This concentration-dependent toxicity can be caused by the
instability obtained with higher NPs concentrations. Higher
concentrations led to agglomeration on the cell culture medium
and consequently sedimentation over the adherent cells causing
their death. For lower concentrations, the electrostatically
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induced repulsive bilayered LbL coatings of the NPs were
probably responsible for NPs suspensions stability in the in
vitro testing conditions, favoring NPs−cell interactions.48

Beyond this, in a comparison of the cytotoxicity between the
three different NPs formulations, it was possible to see that no
statistical differences were observed along tested concentrations
excluding the 187.5 μg/mL, where the 2.5 bilayered-coated LbL
NPs showed statistically significant higher cell viability
compared to the other two formulations. In consideration of
the zeta potential values for the 3 systems, this result could be
attributed to the more cationic profile of the 2.5-bilayered NPs
that leads to a stronger interaction with the negatively charged
cell membrane.49 The positive surface charge of PAH/PSS LbL
shells may have caused cell membrane pore formation followed
by cell damage and death.50 Nevertheless, considering the range
of the whole experiment, these results demonstrated that the
present LbL NPs system has a large range of no toxic in vitro
concentrations, constituting a promising nanocarrier for low
solubility drugs and enabling further in vitro/in vivo
applications.

■ CONCLUSIONS
A sonication-assisted top-down approach along with a washless
LbL technique was applied for nanoencapsulation of poorly
water-soluble drug IBF by using a PAH/PSS-constituted shell
up to 7.5 bilayers NPs. Modification of the traditional LbL-
coating technique using a washless protocol allowed the use of
smaller amounts of PE, avoiding excessive washed out PEs. Less
material was used, and often complicated procedures with
centrifugations, filtrations, and intermediate PE washings were
avoided, allowing for the process scale-up.
With this we changed a traditional LbL microencapsulation

approach for well-soluble drugs encased in polyelectrolyte
multilayer shells which slowed down dissolution, to a
nanoarchitectural design of well-dispersed low solubility drug
nanocolloids stabilized with strongly charged polyelectrolyte
shells.
LbL NPs presented important characteristics necessary for

improved drug delivery related to nanotechnology. The
attainment of a tunable PE LbL multilayer shell offered

structural control over the size and surface charge, high
encapsulation efficiency, controlled drug release, and absence of
in vitro toxicity. This technique also has been shown to be a
simple coating technique at the nanoscale, without the use of
any special equipment, harsh chemicals, or extreme temper-
ature. It does not require stabilizers, and the medium is water,
absent the use of organic solvents.
Thus, LbL nanocoating technology offers promising scaling-

up perspectives in obtaining an effective delivery system for low
aqueous soluble drugs. For effective oral drug delivery, further
work is being developed in order to optimize controlled drug
release.
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■ ABBREVIATIONS
LbL, layer-by-layer
PAH, poly(allylamine hydrochloride)
PSS, polystyrenesulfonate
NP, nanoparticle
PE, polyelectrolyte
BCS, biopharmaceutics blassification system
PDDA, poly(diallyldimethylammonium chloride)
BSA, bovine serum albumin
GI, gastrointestinal
IBF, ibuprofen
FITC, fluorescein isothiocyanate
MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide
DMEM, Dulbecco’s modified Eagle’s medium
FBS, fetal bovine serum
PDI, polydispersity index
DLS, dynamic light scaterring
ELS, electrophoretic light scattering
SEM, scanning electron microscopy
DMSO, dimethyl sulfoxide
EE, encapsulation efficiency
HPLC, high performance liquid chromatography
UV, ultraviolet

Figure 7. Cell viability of Caco-2 cells after 24 h of incubation with
(●) 2.5, (light gray ■) 5.5, and (dark gray ▲) 7.5 LbL bilayer coated
PAH/PSS NPs for concentrations ranging from 11.7 to 1500 μg/mL.
Cell viability of each sample was determined using an MTT assay.
Data are expressed as mean ± SEM (n = 14). *p < 0.05 for the 2.5
bilayered NPs in comparison to 5.5 and 7.5 bilayered LbL NPs.
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USP, United States Pharmacopeia
IC50, half maximal inhibitory concentration
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