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ABSTRACT: The layer-by-layer film deposition is a suitable strategy for
the design and functionalization of drug carriers with superior perform-
ance, which still lacks information describing the influence of assembly
conditions on the mechanisms governing the drug release process. Herein,
traditional poly(acrylic acid)/poly(allylamine) polyelectrolyte multilayers
(PEM) were explored as a platform to study the influence of the assembly
conditions such as pH, drug loading method, and capping layer deposition
on the mechanisms that control the release of calcein, the chosen model
drug, from PEM. Films with 20−40 bilayers were assembled at pH 4.5 or
8.8, and the drug loading process was carried out during- or post-film
assembly. Release data were fitted to three release models, namely,
Higuchi, Ritger−Peppas, and Berens−Hopfenberg, to investigate the
mechanism governing the drug transport, such as the apparent diffusion
and the relaxation time. The postassembly drug loading method leads to a higher drug loading capacity than the during-assembly
method, attributed to the washing out of calcein during film assembly steps in the latter method. Higuchi’s and Ritger−Peppas’
model analyses indicate that the release kinetic constant increased with the number of bilayers for the postassembly method. The
opposite trend is observed for the during-assembly method. The Berens−Hopfenberg release model enabled the decoupling of each
drug transport mechanism’s contribution, indicating the increase of the diffusion contribution with the number of bilayers for the
postassembly method at pH 4.5 and the increase of the polymer relaxation contribution for the during-assembly method at pH 8.8.
Deborah’s number, which represents the ratio of the polymer relaxation time to the diffusion time, follows the trends observed for
the relaxation contribution for the conditions investigated. The deposition of the capping phospholipid layer over the payload also
favored the polymer relaxation contribution in the drug release, featuring new strategies to investigate the drug release in PEM.

■ INTRODUCTION

Surface functionalization with nanostructured films has been
explored to overcome biomedical challenges, designing
antifouling surfaces,1 coatings with antibacterial2 and viral-
killing3 properties, and devices for the selective capture of active
agents for diagnosing4,5 and the delivery of therapeutics.6 An
analytical approach to methodically design and optimize
polymer-based coatings for the efficient delivery of specific
drugs is highly necessary because of the diversity of possibilities
for physical and chemical interactions between drugs and
selected polymeric materials,7−9 in addition to the interaction of
biomaterial accordingly to the environmental stimuli.10

Amongst the methods used for the film assembly,11,12 the
layer-by-layer (LbL) technique has emerged as one of the most
popular strategies for the self-assembly of polyelectrolyte
multilayers (PEM) through the interaction of oppositely
charged species,13 enabling one to tune the surface properties
based on the assembly conditions,14 the sequence of building
block deposition,15 or the postassembly treatment.16

Several features make the LbL films attractive for drug
delivery, including the control of the drug loading and release
processes, the ability to functionalize surfaces with diverse
geometry and chemistry, the use of mild chemical conditions for
handling sensitive therapeutic molecules, and the simple and
scalable processing.17 These features have led to the design and
investigation of a multilayer core−shell structure for the
encapsulation and sustained release of dyes,18 small drugs,19,20

enzymes,21 proteins,22,23 and DNA molecules.24 LbL films have
also been deposited over drug particles,25,26 nanogels,27,28

liposomes,29,30 nanotubes,31 and magnetic nanoparticles,32

aiming to increase the stability and avoid undesired burst
release effects. Alternative methods for drug loading on
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multilayer film structures have also been reported. For example,
Wood and co-workers designed hydrolytically degradable films
of poly(β-amino ester) and therapeutic polysaccharides for drug
release applications based on film erosion.33 This concept has
been explored as a strategy to control the release rate of film
constituents based on film architecture and composition,17 and
more recently, to create a temporal-controlled release of
multiprotein formulations for vaccine applications.23 Rubner
and co-workers have explored postassembly drug loading
methods in weak-polyelectrolyte-based films,34,35 such as the
adsorption of charged dye molecules via electrostatic interaction
with unbound oppositely charged groups34 and the entrapment
of small organic drug molecules into porous structures via
capillary condensation.35 These methods present a strong
dependence of the pH for controlling the number of charged
groups in the PEM34 or forming a porous structure after the film
assembly,36 illustrating the importance of the assembly
conditions on the drug delivery properties of PEM.
Mathematical models are valuable tools to investigate the

performance of drug delivery devices,37 clarifying the role of the
structure in their final performance. The underlying assumptions
of thesemodels reflect themechanisms governing drug transport
in each system. For example, the traditional Higuchi model
describes the release of water-soluble drugs from solid or
semisolid matrices,38 while the first-order release model
represents a concentration-dependent drug release process.
Semiempirical models, such as the Ritger−Peppas model or the
power-law model, help us to elucidate the predominance of
diffusion- or relaxation-controlled mechanisms, or the super-
position of both (anomalous release), in the drug release
process,39 while the Berens−Hopfenberg model enables one to
decouple the contribution of each mechanism.40 Several studies
have reported the use of release models as tools for investigating
the drug delivery performance of LbL films. Anirudhan and co-
workers described the controlled release of 5-fluorouracil for
cancer treatment from aminated mesoporous silica nano-
particles coated with hyaluronic acid/chitosan multilayers.20

The authors observed the best fit for the power-law model with
the predominance of the anomalous release. Other studies also
observed the same behavior for devices with different geometries
such as nanotubes,31 capsules,19 liposomes,29,30 and thin films,41

lacking a description of the individual contribution of the
diffusion and relaxation mechanisms for the overall release
process. Tan and co-workers investigated the release of procaine
hydrochloride from methacrylic acid-ethyl acrylate gel particles
coated with poly(allylamine hydrochloride)/poly(sodium 4-
styrene sulfonate) using the Berens−Hopfenberg model.27 The
authors described both the increase of the relaxation time and
the decrease in the diffusion coefficient with the number of
bilayers deposited, suggesting that the film assembly conditions
may play a role in the contribution of each mechanism for the
drug release process.
This study aims to investigate the influence of the film

assembly conditions on the specific mechanisms controlling the
drug release process. The polymeric drug delivery system was
engineered in such a way that the loading and kinetic release of
the selected model drug could be adjusted by experimental
parameters that directly influence the configuration of polymeric
structures, such as pH, ionic strength, and postassembly
treatments, with the latter including calcein incorporation and
deposition of a capping film. Poly(acrylic acid)/poly(allylamine
hydrochloride) multilayer films were assembled over glass
substrates using the dipping LbL method at pH 4.5 or 8.8.

Calcein, the model drug chosen here, was loaded into the PEM
during- or post-film assembly, followed by the addition of a
capping film on top of the payload. The surface and bulk film
morphology were probed using the traditional profilometry,
atomic force microscopy (AFM), and confocal microscopy
techniques, while chemical changes in the PEM were
investigated by UV−visible spectroscopy and coupled AFM-IR
techniques. Polyelectrolyte solution properties were assessed
using ζ-potential and dynamic light scattering (DLS) analyses to
understand the interplay of assembly parameters and film
structures. Drug release data were fitted to three different release
models to understand the influence of assembly parameters on
the mechanisms that govern the drug transport in PEM.
Understanding the interplay between the structure and release
properties may give incremental insights into the design of the
next generation of drug delivery devices.

■ MATERIALS AND METHODS
Materials. Poly(acrylic acid) (PAA, ∼100 kDa, 35% w/w aqueous

solution), poly(allylamine hydrochloride) (PAH, ∼15 kDa), poly-
ethyleneimine (PEI, ∼750 kDa, 50% w/w aqueous solution), calcein
(CAL), L-α-phosphatidylcholine (1,2-diacyl-sn-glycero-3-phosphocho-
line, from egg yolk), and phosphate-buffered saline (PBS, pH 7.4± 0.1)
were purchased from Sigma-Aldrich. These and other reagents were all
of analytical degree and were used without further purification.
Aqueous solutions were prepared with ultrapure water (18.2 MΩ·cm at
25 °C) from a Milli-Q ultrapure water system.

Methods.Multilayered Film Assembly. Polyelectrolyte multilayers
were assembled over microscopic glass slides (Kasvi, 15 × 15 × 1.2
mm3) using a programmable homemade dipping machine. Before PEM
deposition, glass slides were sequentially cleaned in an ultrasound bath
(Cristofoli, Brazil) with a 1% v/v commercial detergent solution, 1.0 M
sodium hydroxide solution, and ultrapure water for 16 min each, and
dried with blow air.42 The glass slides were then immersed into a PEI
solution (1 g/L, 100mMNaCl, at pH 4.0) for 15min, followed by three
rinse steps (pH 4.0) with ultrapure water for 1 min each, as described
elsewhere.42 (PAAx/PAHx)n films with the number of bilayers, n,
ranging from 20 to 40 bilayers were assembled from solutions PAA and
PAH solutions (10 mM, based on the repeat unit molecular weight, and
50 mM NaCl) both at pH, x, 4.5 or 8.8. PEM were deposited over the
glass substrates by immersion cycles into the polyelectrolyte solutions
for 15 min each, alternated by three rinse steps for 1 min each in
ultrapure water at the same pH. After film deposition, the samples were
stored in a vacuum desiccator for at least 24 h before use. The samples
were prepared in triplicate for each condition tested.

Solution ζ-Potential and DLS Measurements. Dynamic light
scattering (DLS) and ζ-potential measurements of polyelectrolyte
solutions were carried out using a universal dip cell and polystyrene
cuvettes in Malvern Zetasizer Nano ZS equipment. All samples were
prepared in triplicate at 1.0 mg/mL and syringe filtered through a
Chromafil PES 0.2 μm filter right before the measurements. Data were
treated using Zetasizer software (Malvern, England).

Drug Loading. CAL was loaded into the PEM using two different
methods: during- and post-film deposition. In the traditional method,
PEMwere immersed into the CAL solution (60mg/L, pH 7.1) for 24 h,
followed by three rinse steps for 1 min each and one drying step at room
temperature. In the alternative method, CAL was loaded during each
PEM deposition cycle; after one single PAA/PAH deposition, wet PEM
were immersed into CAL solution (pH 7.1) for 15 min, followed by
three rinse steps at the same pH for 1 min each, and the cycle was
repeated for the number of bilayers desired. For both methods, all
sample handling steps were conducted protected from light exposure.
All samples had their absorbance spectra recorded at a range of 400−
650 nm wavelength.

Spin-Coated Capping Film Deposition. PAA/PAH films with 40
bilayers loaded with CAL (payload) were coated with a capping film
through the spin coater method (Model WS-650-MZ, Laurell). PAA/
PAH films were deposited over the payload region by adding 150 μL of
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each polyelectrolyte’s solution (1 g/L at pH 4.5 or 8.8 for PAA/PAH)
on the payload surface (15 × 15 mm2), followed by spinning at 3000
rpm for 30 s. Bilayers were alternated deposited by washing steps with
ultrapure water at the same pH and spinning conditions. Alternatively, a
single layer of L-α-phosphatidylcholine was cast over the payload region
by adding 150 μL of 2.0% w/v phospholipid solution in isopropanol,
followed by spinning at 3000 rpm for 3 min.43 All samples had their
absorbance spectra recorded at a range of 400−650 nm wavelength
before and after barrier deposition for detecting CAL loss andwere used
for drug release tests right after 12 h of barrier deposition.
Drug Release and Data Fitting. Release experiments were

performed in 6-well plates containing 12 mL of PBS buffer, with the
film vertically positioned over the well wall. The well plate was kept
inside the plate reader (Varioskan Lux, Thermo Scientific), protected
from light exposure, at 25 °C for, at least, 24 h. Fluorescence
measurements with excitation and emission wavelengths of 490 and
540 nm, respectively, were performed right after 5 s shaking at 60 rpm.
The residual amount of CAL in the PEM before and after the drug
release was determined using the plate reader, in the absorbance mode,
with dried PEM placed in the center of 6-well plates face side up. Peaks
for CAL were observed at 480 and 505 nm. CAL release data were fitted
to three different drug release models using the Levenberg−Marquardt
algorithm for least-squares regression using Origin software. For the
Higuchi and Ritger−Peppas models, data fitting was carried out using
the first 60% of the total drug released,39 while for the Berens−
Hopfenberg model, the entire dataset was employed in the data
fitting.27 For both methods, the coefficient of determination and
residual distribution were used to analyze the fitting models statistically.
Film Thickness. Film thickness was determined using a Dektak 150

profilometer (Veeco) by measuring the average height difference over a
scratched line prepared over the film using a razor blade.44 The scored
line was scanned with a stylus set to apply a force of 100 mg over the
surface at a scan speed of 17 μm/s. Thickness values are the average of
five measurements performed in dried films at room temperature.
Film Surface Chemistry. Chemical changes after CAL loading were

probed using an atomic force microscopy infrared spectroscopy
technique. Measurements were performed on a NanoIR2 microscope
(Anasys Instruments), using a silicon overall gold coating tip ContGB-
G (BudgetSensors, Bulgaria) with <25 nm tip apex diameter, a nominal
force constant of 0.2 N/m, and a nominal resonance frequency of
13 kHz at room temperature, and a relative humidity of approximately
5%. PAA/PAH films with 30 bilayers, with and without CAL loaded,
were prepared over gold-coated silicon slides, and the IR spectra were
collected within the range of 1550−1820 cm−1, with a spectral

resolution of 2 cm−1 per point in quintuplicates.5 Image processing was
carried out using open-source Gwyddion software.

Film Morphology Analyses. Film surface imaging was conducted
using an atomic force microscope (AFM, Nanosurf Easyscan 2,
Switzerland) under both controlled temperature and relative humidity
(25 °C and 15−20% of RH). Dry films were assessed at a tapping mode
by scanning square regions of 5 × 5 μm2 size with 512 pts/line
resolution using a silicon cantilever of a nominal constant spring of 40
N/m. Image processing and root-mean-square (RMS) roughness
calculations were carried out in triplicate using open-source Gwyddion
software. Film bulk morphology was assessed by images obtained using
a confocal laser scanning microscope. Confocal images were obtained
using an inverted confocal microscope Leica (TCS SP5 II, Leica,
Germany). An excitation wavelength of 488 nmwas used to image CAL
in the film bulk with 100× objective. Confocal images were treated
using ZEISS ZEN microscope software.

■ RESULTS AND DISCUSSION

Influence of PEM Assembly Conditions on Drug
Loading. PAA/PAH films were chosen to investigate the role
of the PEM structure in drug loading and release mechanisms
because of the simplicity of their polymer chains and the pH-
controlled ionization degree of both polyelectrolytes.34 Several
studies have explored the effects of charge density on PAA/PAH
multilayer growth for a wide range of applications, including
drug delivery,34 antibacterial surfaces,45 and antireflection
coatings.46 An in-depth understanding of film formation
dynamics based on colloids’ properties in solution has also
been evaluated.47,48 Inspired by these previous investigations,
this study aims to understand the interplay of the colloids’
properties in solution and surface modification’s effect on the
drug load and release properties, supported by mathematical
models that help establish parameters related to the mass
transfer mechanism that governs the release process. CAL was
chosen as the model drug molecule for this study due to the
simplicity in probing both its distribution into multilayered films
and its drug release profile.49

The assembly pH promotes significant changes in polyelec-
trolyte chemical properties either in solution or in the PEM.
PAA/PAH films were assembled at pH 4.5 or 8.8, corresponding
to the values within the range where the pKa of the PAA

36 and
PAH34 are included, respectively. At pH 4.5, carboxylate chains

Figure 1. Schematic representation of multilayer film assembly and drug loading methods. Polyelectrolyte multilayer films were assembled using the
layer-by-layer method with CAL, the model drug molecule, loaded into the films (A) post- or (B) during-assembly through the dipping method. (C)
Representation of the polyelectrolytes’ chemical structure forming the film and the model drug molecule loaded into the films.
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from PAA are partially ionized, and amino groups from PAH are
nearly fully ionized, while the opposite trend is observed at pH
8.8 (see ζ-potential results in Figure S1A). Modifications on
PEM chemical composition due to changes in the assembled pH
are observed in AFM-IR analysis, indicated by changes in the IR
spectra peak at ∼1650 cm−1. This band is assigned to the
stretching of CO of carboxylate groups, illustrating the
influence of the film assembly pH in the PEM composition,
particularly in the number of carboxylate groups in the PEM
structure (Figure S2A−C).5
The drug model was loaded into the PEM using two different

methods: the postassembly method and the during-assembly
method, in which the drug was loaded during the deposition of
the PEM (Figure 1). The increase in the IR spectra peaks at
around 1600 and 1650 cm−1 correspond, respectively, to CC
stretches in aromatics and CO stretches in the carboxylates50

after the loading process validates the successful load of CAL
into the PEM (Figure S2B−D). The amount of CAL loaded into
the PEMwas probed by UV−visible spectral analysis (Figure 2),
which indicates the presence of a predominant peak at 505 nm
for all conditions tested, reinforcing the successful load of CAL
on the PEM structure. These spectra also presented a shoulder at
480 nm, particularly for films assembled with 30 and 40 bilayers.
Wallach and co-workers reported the appearance of two bands
for CAL in the 440−520 nm range attributed to different
activation and absorption at acid, neutral, and alkaline
medium.51 The authors suggest that the acidic pH displaces
the activation maxima from 445 to 460 and 475 nm, while the
alkaline pH promotes the displacement to 475 and 500 nm with
a slight decrease in the former.51 Absorbance measurements for
calcein solution (Figure S3C) corroborate to this trend,
indicating a more prominent peak at 480 nm for the CAL
solution at pH 4.5, which is also more pronounced in the spectra
of PAA/PAH films assembled at the same pH conditions

(Figure 2A−C). These results suggest that although the same
neutral pH conditions of the calcein solution were employed for
both loading methods, the assembly pH influences on both the
CAL structure and the absorbance spectra. The appearance of
the prominent shoulder near 475 nm for films containing 30 and
40 bilayers, regardless of the assembly conditions tested, may
also be attributed to the decrease in the assembly pH of the
polyelectrolyte solution throughout the film deposition.
Both assembly pH conditions resulted in higher loading

capacities for the postassembly drug loading method (Figure
2A,B) compared to the during-assembly drug loading method
(Figure 2C,D). This result is attributed to the longer contact
time of the payload with the polyelectrolyte solutions and the
rinsing water, which promotes a substantial drug leaking from
the films prepared using the latter method, particularly in the
PAA solution. The postassembly method has a minimal contact
time with solution after drug loading (only the 1-min rinsing
steps to remove unbound drug molecules, as described in the
Experimental Methods). The postassembly drug loading
process presented an increase in the absorbance peak at 505
nm, increasing the number of bilayers deposited from 20 to 30
(Figure 2A,B). Notably, both pH conditions investigated did not
promote an increase in drug loaded into the films from 30 to 40
bilayers. This result may be explained by the film growth
regimen observed for the PEM and the distribution of free
ionized groups over the film structure near the outer film
interface, as suggested by the three-zone model.52 Multilayer
film composed of two simple polyelectrolytes can be divided
into three zones. Zone I is composed of one or a few layers of
polyelectrolytes, close to the substrate, and the interfacial
interaction of the polyelectrolytes with the substrate is strong.
Zone II is the continuousmedium (bulk) of the film, far from the
possible influence of interfaces. The outermost zone, called
Zone III, consists of a few layers of polyelectrolytes close to the

Figure 2. Absorbance spectra for PAA/PAH films after drug loading show an increase in the amount of CAL loaded for the postassembly drug loading
method and a pH-dependent drug loading behavior for the during-assembly drug loading method. UV−visible spectra for PAA/PAH films assembled
at (A) pH 4.5 and (B) pH 8.8 with CAL loaded after film assembly, and at (C) pH 4.5 and (D) pH 8.8 with CAL loaded during film assembly. Insets
represent the absorbance peak at 505 nm. Shaded areas and error bars represent the standard error values.
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film’s outermost interface. In this zone, multilayers are
influenced by the surface in contact with air or the hydration
medium’s solution.52 According to the 3-zone model, by
increasing the number of bilayers, the film thickness also
increases; however, the number of free amino groups in the film,
which are likely the sites where CAL interactions possibly occur,
does not monotonically increase with the number of bilayers.
This model suggests that the film has the largest number of free
groups close to the interface with the aqueous solution, while the
polyelectrolytes that make up the bulk (zone II) are complexed
with each other, and then prevalently unavailable to interact with
CAL.
The postassembly drug loading method also indicated higher

absorbance values for films assembled at pH 8.8 (Figure 2B),
compared to films assembled at pH 4.5 (Figure 2A). Taking into
consideration the structure of both polymers and the
polyanionic character of the CAL molecules, bearing four
carboxylate groups ionized in the loading conditions, the uptake
of CAL into the PEM is essentially mediated by the electrostatic
interaction of carboxylate groups of CAL and free amino groups
of PAHmacromolecules until reaching the equilibrium between
the bulk and the CAL solution (see Figure S3). Yoo and co-
workers reported that assembly pH conditions that favor the
partial ionization of carboxylate groups of PAA promoted
superior cationic dye loading capacities into PAA/PAH films,44

reinforcing that films assembled with partially ionized
polyelectrolytes will present a higher amount of free, non-
complexed, ionizable groups available for drug loading. The pH-
dependence of the amount of free ionizable groups for weak
polyelectrolyte multilayers agrees with the higher loading
capacities observed for films assembled at pH 8.8 as a possible
consequence of the highest amount of free amino groups in PAH
chains.

To understand the drug loadingmethod during film assembly,
one must consider the release of CAL molecules over the entire
assembly process, which is associated with (1) the CAL chemical
potential difference between the film bulk and both polyelec-
trolyte solutions and rinse water, and (2) the ionic exchange
between the adsorbed CAL molecules into the PEM and the
newly adsorbed PAA chains.14 These factors reduce the CAL
peak intensity in the films, making the drug loading process into
the PEM dependent on the net material balance. Films loaded
with CAL during the assembly process showed a behavior
dependent on both the pH and the number of bilayers (Figure
2C,D). At pH 4.5, the CAL-loaded films presented a maximum
at 30 bilayers (Figure 2C, inset), while at pH 8.8, the CAL
loading process resulted in aminimum at 30 bilayers (Figure 2D,
inset). These opposite trends indicate that the interplay between
the drug uptake and release during assembly, which controls the
CAL-loading capacity, presents a pH-dependent behavior. The
maximum peak intensity observed at pH 4.5 suggests that the
total amount of drug loaded is mediated by a competition
between the drug uptake and the drug release during the
assembly process, which is disfavored by the increase in the
number of bilayers deposited. At pH 8.8, the higher ionization
degree of PAA may have a more substantial impact on the drug
removal from the PEMduring the loading process. For the initial
layers deposited at pH 8.8, fully charged PAA molecules tend to
displace a more substantial amount of CAL compared to films
assembled at pH 4.5, surpassing the rate of drug uptake in the
films. As the number of layers deposited increases, the amount of
CAL released into the PAA solution reduces the chemical
potential between the film and the polyanion solution, also
reducing the amount of CAL released during the assembly
process, thereby favoring the increase in the absorbance peak
observed for films with 40 bilayers. The use of the during-
assembly drug loading method aimed to promote a homoge-

Figure 3.CAL release profiles show faster release kinetic profiles with an increase in the number of bilayers for the postassembly drug loading method.
The opposite trend is observed for the during-assembly drug loadingmethod. Drug release kinetic profiles for PAA/PAH films assembled at (A) pH 4.5
and (B) pH 8.8 with postassembly drug loading, and at (C) pH 4.5 and (D) pH 8.8 for during-assembly drug loading. Insets represent the total amount
of CAL released. Shaded areas and error bars represent the standard error values.
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neous distribution of CAL over the film structure, creating a
more sustained release profile. However, the substantial
reduction in the amount of drug loaded compared to the
traditional method highlights the importance of reducing the
contact time between the payload and aqueous medium to
minimize drug leaking.
PEM Release Kinetic Profile and Modeling. To address

the role of the film assembly conditions in the drug release
profile, CAL release data were normalized to the total amount of
drug released in each condition tested (Figure 3). Most of the
assembly conditions tested were able to release most of the drug
in the first 24 h of the experiment (film absorbance spectra after
CAL release are presented in Figure S4). Films assembled at pH
8.8 with drug loading during film deposition, however, showed
slower release kinetic profiles and took 6 days to release most of
the CAL adsorbed.
Different drug release patterns were observed depending on

the drug loading method employed. Films prepared using the
postassembly drug loading method presented faster drug release
kinetic profiles as the number of bilayers increases, regardless of
the pH conditions. This qualitative assessment was carried out
by looking at the fractional amount of drug released at a time to
all conditions studied. This trend may be associated with the
burst release effect that is typically proportional to the total
amount of drug loaded into the films represented in the insets in
Figure 3. Conversely, films loaded with CAL during the
assembly process presented a reduction in the release kinetic
profiles with the number of bilayers deposited, particularly for
films assembled at pH 8.8. Here, the burst release seems to be
less significant as the number of bilayers deposited increases, and
other factorsmay influence the release kinetic profiles, attributed
to the stronger binding between the drug and the polymermatrix
due to the removal of moderate to weakly bound CALmolecules
during the sequential assembly steps.
Mathematical models have been commonly employed for the

quantitative analysis of drug release systems, enabling the
assessment of the mechanisms that drive the release process.
Release kinetic data were fitted to three different models (Table
1), each of them providing relevant information regarding the
drug release mechanism in the PAA/PAH films (Table 2). The
cumulative amount of CAL released for each film was calculated

from fluorescence measurements and normalized by the film
surface area and the total amount of drug release in each case, to
determine the amount of CAL released over time.
Higuchi’s model was the first equation developed to represent

a drug release process. This model assumes that the transport of
molecules out of the polymeric matrix is the only mechanism
governing the release process.38 Recently, Wang and co-workers
reported the application of the Higuchi model to fit the in vitro
dual release of cancer drug molecules from chitosan/dextran
sulfate LbL-coated nanoparticles.53 Zhao and co-workers
employed the same model to determine the apparent diffusion
constant of the antitumor drug doxorubicin from chitosan/
alginate multilayer microcapsules, obtaining constants over the
range of 8.8 × 10−8−5.4 × 10−7 cm2/s.54 The analysis of the
kinetic constants (Table 2) for the Higuchi model, kH,
corroborates the release profiles observed in Figure 3, showing
higher values for the postassembly drug loading method
compared to the during-assembly method at the same pH for
nearly all cases studied. The increase in the kinetic constant with
the number of bilayers deposited was also observed at pH 8.8 for
the former method, while the latter one shows a decrease in the
kinetic constant at the same pH. Of note, the limited quality of
the data fit observed for this model, illustrated by the correlation
coefficient value (≤0.9), suggests that the release process is not
entirely diffusional, limiting any further analysis of the retrieved
parameters.
CAL release data were also fitted to the Ritger−Peppas or

power-law model, a semiempirical model to describe the drug
release from polymeric systems.39 This model characterizes the
drug transport as diffusion-controlled, polymer relaxation-
controlled, or a combination of both mechanisms, according
to the value of the release exponent, n. The release kinetic
constant, kP, values obtained show the same trends observed for
the Higuchi model (Table 2). From the values of the exponent
of release, n, most assembly conditions investigated presented an
anomalous release, indicating that both diffusional and
relaxation mechanisms contribute to the drug transport. The
only exceptions are the films with 20 bilayers, which presented a
diffusion-controlled release (n < 0.5). The anomalous release
profile for PEM is also observed in a previous paper for the
release of the rose bengal dye from LbL films of carbox-

Table 1. Release Kinetic Models and Their Corresponding Mathematical Equationsa

release kinetic model mathematical equation remarks

Higuchi38 k tM
M H

1/2t =
∞

Mtamount of drug released at time t

M∞total amount of drug released along the process

Ritger−Peppas39 k tM
M

n
P

t =
∞

kHHiguchi kinetic constant

kPRitger-Peppas kinetic constant
nrelease exponent

Berens−Hopfenberg40
Ä
Ç
ÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑe e1M

M n n
n k t k t

F
6

1
1

R
t

2 2

2
F R= − ⌀ ∑ − ⌀

π =
∞ − −

∞
⌀Ffractional diffusion contribution

⌀Rfractional chain relaxation contribution
kR = 1/τ kFdiffusion constant

kR first-order chain relaxation constant

k D
dF

4 2

2= π Ddiffusion coefficient

dfilm thickness
τcharacteristic chain relaxation time

aThe value of the release exponent in the Ritger−Peppas model provides information regarding the drug release mechanism: n = 0.5Fickian, or
diffusion-controlled release; 0.5 < n < 1.0anomalous, or both diffusion- and polymer relaxation-controlled mechanism; n = 1.0non-Fickian, or
relaxation-controlled release.39
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ymethylcellulose/chitosan,41 with a lack of further information
regarding the quantitative contribution of the diffusional and the
polymer relaxation mechanisms for the drug release process.
The Berens−Hopfenberg model enabled the assessment of

the individual contribution of each mechanism for CAL release
in PEM (Table 2). This model takes into consideration the effect
of the polymer swelling and the chain relaxation into the drug
diffusion through the polymer matrix, making the drug transport
dependent on both the polymer chain relaxation rate and the
drug diffusion rate.40 The parameters retrieved from this model
show an increase in the diffusional contribution with the number
of bilayers for the postassembly drug loading at pH 4.5, with the
opposite trend observed during-assembly drug loading at pH
8.8. The kinetic parameters for both transport mechanisms also
enable the calculation of the apparent diffusion coefficient, D, of
the drug in the film and the relaxation time, τ, of the polymer
chains (see equations for kF and kR in Table 1). The diffusion
coefficients increase with the number of bilayers for nearly all
cases studied, except for films with 30 bilayers at pH 4.5 for both
drug loading methods. Polymer relaxation time values indicate
an increase with the number of bilayers deposited for the during-
assembly drug loading method, at both pH values, and for the
postassembly drug loading at pH 8.8. The only exception was
the films assembled at pH 4.5, with postassembly drug loading,
which showed a reduction in the relaxation time with the
number of bilayers deposited. Tan and co-workers reported the
values of D and τ for the drug release from 200-nm-sized
nanogels coated with PAA/SPS films, obtaining an exponential
variation of D and τ with the number of bilayers deposited.27

Nevertheless, no trend was observed between the drug release
mechanisms and D and τ values.
To understand the interplay of both variables in the drug

release process, the dimensionless Deborah number, which
relates the chain relaxation time (τ) to the diffusion time (θ),
was determined according to the following equation

De
τ
θ

=
(1)

which may also be calculated by the ratio of the diffusion
constant, kF, and the relaxation constant, kR (Table 1). The
results from Table 2 indicate that De number trends well with
the polymer relaxation contribution for some of the cases
investigated, decreasing with the number of bilayers for the
postassembly drug loading at pH 4.5 and increasing for the
during-assembly method at pH 8.8. Peppas and Narasimhan
highlighted that for systems in De ≪ 1, the drug transport is
considered Fickian or diffusion-controlled, while forDe≫ 1, the
drug transport is controlled by polymer chain relaxation.37 This
observation is in agreement with the data obtained in this study,
which also shows an increase in the relaxation contribution for
the drug release from PEM as De increases. However, it is still
challenging to address the reason why the drug loading methods
favor one mechanism of drug release transport over another.
The absorbance spectra after the drug release process may

provide insights regarding the influence of the loading method
into the drug interaction with the PEM matrix (Figure S4). In
the release process, CAL molecules electrostatically interacting
with amino groups of PAH chains are essentially washed out of
the films due to the ionic exchange with anions in the PBS
medium.55 Absorbance spectra of the PEM at the end of the
release experiment show the disappearance of the CAL peak at
505 nm, except for films assembled at pH 8.8 with post-
assembled drug loading, possibly associated with a more stableT
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binding interaction between the CAL molecules and the PEM
due to the multiple electrostatic binding sites of CAL molecules.
Here, the more stable binding of CALmolecules and the PEM at
pH 8.8 might be attributed to either the formation of several salt
bridges of single polyprotic CAL molecules50 with different
PAH amino groups or the CAL adsorption into densely packed
regions of the PEM.56 As further discussed, changes in the CAL
binding interaction with the PEM based on the film assembly
condition methodmay cause significant impacts in the final drug
release profile.
Influence of Drug Loading and Assembly Conditions

in the FilmMorphology.The effect of the chain conformation
and ionization degree of weak polyelectrolytes may provide
insights into the influence of the drug loading method on the
release process. For weak polyelectrolytes, the solution ζ-
potential and the particle size distribution are mediated by the
solution pH, reflecting in the PEM morphology and, ultimately,
in the drug loading and release properties.34 Data on this subject
are found in Figure S1.
Both polyelectrolytes present an increase in their particle size

at their respective pKa values (Figure S1B,C), which might be
related to the loopy conformation of the uncharged poly-
electrolyte segments as with the reduction in their ionization
degree.57 Solution ζ-potential measurements show a slight
reduction in the ζ-potential at the respective pKa value of each
polyelectrolyte (Figure S1A), also reflecting a reduction in the
amount of the ionized functional groups of the corresponding
polyelectrolytes in the PEM structure. As opposed to the
monomodal size distribution observed for PAA molecules, DLS

results indicate that PAH molecules present two particle size
populations at both assembly pH values tested (Figure S1B,C).
The increase in the peak corresponding to the larger particles for
PAH at pH 8.8 may explain the coarse-grained surface
morphology of PAA/PAH films assembled at that condition
(Figure S1E), contrasting with the flat surface observed for films
assembled at pH 4.5 (Figure S1D). Figure 4A shows the
schematic representation that summarizes the effect of the
polyelectrolyte ionization degree on the polymer chain
morphology and film topography.
The drug loading process also promoted a significant

influence on both film thickness and surface morphology,
particularly at pH 8.8, resulting in thicker films (Figure 4B) with
irregular surface morphologies. This result may reflect the larger
particle size for PAH at pH 8.8 observed in the DLS analysis.
Shiratori and Rubner report the self-assembly of thicker films of
PAA/PAH when one of the polyelectrolytes is fully ionized and
the other one is partially ionized.57 AFM images indicate that
films assembled at pH 4.5 using both drug loading methods
resulted in uniform surface morphology and lower surface
roughness (Figure 4C,D). This morphology contrasts with the
films assembled at pH 8.8, which presented a vermiculate-like
surface (Figure 4E) for the postassembly drug loading method
and a micrometer-pore-sized morphology for the drug loading
during the film assembly (Figure 4F).
The substantial changes in film morphology observed at pH

8.8 with CAL loaded during the film assembly are possibly
associated with the alternated switching in the pH environment
from 8.8 to 7.1 during the PEM deposition and CAL loading

Figure 4. Interplay of the drug loading method and film morphology in PAA/PAH films. (A) Schematic representation of the complexation process
that drives PEM assembly at pH 4.5 and pH 8.8. (B) Dry thickness results for PAA/PAH films assembled at different pH and drug loading methods.
AFM images for PAA/PAH films assembled at pH 4.5 (C, D) and pH 8.8 (E, F) with postassembly and during-assembly drug loading methods,
respectively. RMS surface roughness for AFM images are (C) (10.6± 2.1) nm, (D) (1.7± 0.2) nm, (E) (22.3± 4.3) nm, and (F) (427.5± 80.4) nm.
Confocal microscopy images for PAA/PAH films assembled at pH 4.5 (G, H) and pH 8.8 (I, J) with postassembly and during-assembly drug loading
methods, respectively. Bars in the AFM images correspond to 5 μm and in the confocal images correspond to 25 μm.
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process, respectively. Mendelsohn and co-workers described
that the exposure of PAA/PAH films from a solution pH that
differs from the assembly conditions modifies the ionization
degree of the carboxylate groups from PAA.36 This new
configuration gives additional mobility to the PAA chains in
the film bulk, enabling the rearrangement of the chains in an
energetically and more favorable conformation, leaving fewer
free ionized groups and a higher number of hydrophobic regions
of the chains to interact with the solvent. The low affinity of the
solvent with the hydrophobic regions of the electrostatic
complex formed results in phase separation via spinodal
decomposition, resulting in the structure with interconnected
pores, characteristic of this separation phenomenon. The effect
of the neutral solution on both chain mobility and film
morphology is also reported in a previous paper.41

Confocal images (Figure 4G−J) for all assembly conditions
tested indicate a homogeneous distribution of CAL over the
entire film structure (see the confocal microscopy images for the
axial region of the film in Figure S5), and some degree of micro-
nanometer porosity in the film bulk, particularly for the during-
assembly drug loading method. The assembly pH also seems to
be relevant for the bulkmorphology, promoting the formation of
a nanoporous structure at pH 4.5 and a microporous structure at
pH 8.8, both for the during-assembly drug loading method. The
absence of interconnected pores at pH 4.5 suggests that a
different phenomenon governs the reduction in the pore size for
CAL loaded during the film assembly. The postassembly drug
loading method also promoted some degree of porosity in the
PEM structure to a minor extent.
Filmmorphology helps to explain some of the trends observed

for the drug release process. The densely packed structure for

films prepared using the postassembly drug loading method
favors the diffusion over the polymer relaxation contribution in
the drug release process as the number of bilayers increases. The
porous morphology of films prepared with the during-assembly
drug loading method, on the other hand, might explain the
increasing contribution of the relaxationmechanism for the drug
release process, taking into consideration the facilitated polymer
matrix swelling by solvent diffusion through micro-to-nano-
porous matrices.

Application of Spin-Coated Capping Films to Control
the Drug Release Profile. PEM structures have also been
explored as a capping film to promote a sustained drug release by
changing the number of bilayers deposited,27,58,59 the drug
loading method,34 and the release conditions.59 Zhong and co-
workers described the effect of the environmental pH and ionic
strength, as well as the number of capping layers deposited, into
the release of methylene blue from polypeptide films.59 Dai and
co-workers reported the use of alginate/PAH capping layers
over different drug crystals, showing a decrease in the release rate
with the number of bilayers deposited.58 Despite the several
studies that explore this topic, to our knowledge, there is a lack of
studies investigating the influence of the assembly conditions of
the capping layers on the drug release profile.
PAA/PAH films were deposited over a payload region,

(PAA4.5/PAH4.5)40 loaded with CAL loaded after film
assembly, using the spin-coating LbL method, aiming to
minimize the contact of the payload with the solvent to reduce
drug leaking (Figure 5A). For the same purpose, the deposition
of a phospholipid bilayer was also tested according to the
parameters described elsewhere.43 The absorbance spectra of
the payload show a significant reduction on the CAL peak after

Figure 5. Deposition of the phospholipid capping layer reduces the drug release rate in PAA/PAH. (A) Schematic representation of the spin-coating
deposition of a PEM or phospholipid capping film over the payload. (B) Absorbance spectra for the payload with and without the deposition of the
capping films. (C) Drug release profiles for (PAA4.5/PAH4.5)40 loaded with CAL after film assembly with and without capping film deposition.
Shaded areas and error bars represent the standard error values. AFM images for (D) the payload only and the payload capped with a (E) phospholipid
layer. Bars in the AFM images correspond to 5 μm. The corresponding surface RMS roughness values from AFM images are (D) (4.8 ± 1.6) nm and
(E) (38.1 ± 0.9) nm.
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(PAA8.8/PAH8.8)20 capping film deposition, suggesting that an
LbL-based strategy for capping film deposition promotes a
significant reduction in the drug cargo, particularly at pH 8.8,
where the PAA tends to displace a higher amount of drug from
the payload (Figure 5B).
Release profiles showed a modest reduction in the drug

release rate for the deposition of PAA/PAH films at pH 4.5 or
8.8 as capping layers and a more substantial decrease in the
release rate observed for the deposition of the phospholipid layer
over the payload (Figure 5C). Compared to the payload without
the capping film, two of the cases investigated showed a
significant loss in the amount of drug released (see the insets in
Figure 5C). This result reflects the amount of drug lost during
the deposition of the capping film, highlighting the importance
of exploring film deposition strategies that reduce the number of
steps and payload exposure to the solvent (see Figure S6 for
CAL signal in PEM before the capping film deposition and after
drug release).
The analysis of the fitted parameters for the three drug release

models studied reinforces the qualitative analysis of the drug
release profiles for the capped payload (Table 3). Both Higuchi
and Ritger−Peppas models presented the more significant
reduction in the release kinetic constant for the phospholipid
capped films. The power-lawmodel also presented an increase in
the release exponent with the capping film deposition, changing
the release mechanism from diffusion-controlled to anomalous
after the barrier deposition, except for the phospholipid film.
Finally, the Berens−Hopfenberg model indicated a reduction in
the diffusional contribution for the drug release after the barrier
deposition. Here, the relaxation contribution increases for all
conditions tested, followed by an increase in the De number for
the phospholipid- and the (PAA4.5/PAH4.5)20-capped films.
To understand the influence of the PEM capping layers into

the release kinetic constants, one may consider both their
thickness and their chemical environment in the film bulk.
Because films assembled at pH 8.8 are thicker than those
assembled at pH 4.5 (see Figure 4B), one may expect a lower
drug diffusion coefficient and, therefore, a lower release kinetic
constant in films assembled at higher pH conditions. Tan and
co-workers also reported smaller drug diffusion coefficient
values for thicker PEM,27 which corroborates with the data
found here. Of note, the higher amount of free amino groups for
films assembled at pH 8.8 than 4.557 may interact strongly with
the negatively charged CAL molecules at pH 7.4, also hindering
the drug release process. Similar factors may explain the
phospholipid capping film results, which may have self-
assembled into a membrane-like structure43 with a polar head
at the payload interface, covered by a densely packed
hydrophobic layer of the nonpolar tails (see the larger packed
structures distributed over the payload surface in the AFM
images in Figure 5E). This membrane structure may also impair
the drug release due to both the interactions of the carboxylate
groups of CAL to the ionized amino groups of the phospholipid
and the limited diffusivity of polar molecules of CAL throughout
the densely packed nonpolar phospholipid membrane. These
results highlight new possibilities to control the drug release
profile by changing the thickness of the barrier and exploring the
composition and assembly conditions of the building blocks
forming the nanoarchitecture of the capping films.

■ CONCLUSION
This study shows the influence of the film assembly conditions
and the drug loading method on the morphology and drug T
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release profile of PAA/PAH multilayers loaded with CAL via
electrostatic interactions. Higher loading capacities were
observed for the postassembly drug loading method at pH 8.8
due to the higher amount of freely ionized amino groups from
PAH for electrostatic interaction with CAL. Higuchi and
Ritger−Peppas models showed an increase in the release
constant with the number of bilayers for the postassembly
method at pH 8.8. The opposite trend was observed for the
during-assembly drug loadingmethod, attributed to the stronger
binding of CAL molecules to the PEM due to the removal of
moderate to weakly bound CALmolecules during the sequential
assembly steps. The Berens−Hopfenberg model enabled us to
decouple the contribution of different drug release mechanisms,
indicating an increase in the diffusion contribution with the
number of bilayers for the postassembly loading method at pH
4.5. The during-assembly drug loading method showed an
increase of the relaxation contribution with the number of
bilayers deposited at pH 8.8, possibly associated with the
microstructured porous film structure that facilitates the
swelling and polymer relaxation. For both cases, the
dimensionless Deborah number follows the trends observed
for the relaxation contribution. Furthermore, using a spin-
coating method for the deposition of a capping film over the
payload reduced both the initial burst release effect and drug
release rate, favoring the polymer relaxation contribution
mechanism, with the most substantial reduction for the densely
packed phospholipid capping layer. In summary, this study
sheds light on new alternatives to manipulate the drug release
process of small molecules from thin films, highlighting new
strategies to investigate the drug releasemechanism in LbL films.
These findings may support the design of materials with superior
performance for drug delivery applications.
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