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Drug delivery carriers are considered an encouraging approach for the localized treatment
of disease with minimum effect on the surrounding tissue. Particularly, layer-by-layer
releasing particles have gained increasing interest for their ability to develop multifunctional
systems able to control the release of one or more therapeutical drugs and biomolecules.
Although experimental methods can offer the opportunity to establish cause and effect
relationships, the data collection can be excessively expensive or/and time-consuming.
For a better understanding of the impact of different design conditions on the drug-kinetics
and release profile, properly designed mathematical models can be greatly beneficial. In
this work, we develop a continuum-scale mathematical model to evaluate the transport
and release of a drug from a microparticle based on an inner core covered by a polymeric
shell. The present mathematical model includes the dissolution and diffusion of the drug
and accounts for a mechanism that takes into consideration the drug biomolecules
entrapped into the polymeric shell. We test a sensitivity analysis to evaluate the
influence of changing the model conditions on the total system behavior. To prove the
effectiveness of this proposed model, we consider the specific application of antibacterial
treatment and calibrate the model against the data of the release profile for an antibiotic
drug, metronidazole. The results of the numerical simulation show that ~85% of the drug is
released in 230 h, and its release is characterized by two regimes where the drug
dissolves, diffuses, and travels the external shell layer at a shorter time, while the drug
is released from the shell to the surrounding medium at a longer time. Within the sensitivity
analysis, the outer layer diffusivity is more significant than the value of diffusivity in the core,
and the increase of the dissolution parameters causes an initial burst release of the drug.
Finally, changing the shape of the particle to an ellipse produces an increased percentage
of drugs released with an unchanged release time.
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1 INTRODUCTION

Polymeric microparticles (MPs) are receiving increasing interest as drug delivery systems (Karp et al.,
2019) and in tissue engineering and biosensing (Qodratnama et al., 2015; Martins et al., 2018) due to
their advantages such as the ease of manufacturing and potential industrial scale up (Chung et al.,
2019). Furthermore, if applied as drug delivery systems, MPs presents interesting features such as the

Edited by:
Shinji Takeoka,

Waseda University, Japan

Reviewed by:
Marta Tsirigotis-Maniecka,

Wrocław University of Science and
Technology, Poland

Maxim Puchkov,
University of Basel, Switzerland

*Correspondence:
P. Gentile

piergiorgio.gentile@newcastle.ac.uk
G. Pontrelli

giuseppe.pontrelli@gmail.com

†These authors have contributed
equally to this work and share senior

authorship

Specialty section:
This article was submitted to

Nanobiotechnology,
a section of the journal

Frontiers in Bioengineering and
Biotechnology

Received: 03 March 2022
Accepted: 09 May 2022
Published: 30 June 2022

Citation:
Barchiesi E, Wareing T, Desmond L,
Phan AN, Gentile P and Pontrelli G

(2022) Characterization of the Shells in
Layer-By-Layer Nanofunctionalized
Particles: A Computational Study.

Front. Bioeng. Biotechnol. 10:888944.
doi: 10.3389/fbioe.2022.888944

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org June 2022 | Volume 10 | Article 8889441

ORIGINAL RESEARCH
published: 30 June 2022

doi: 10.3389/fbioe.2022.888944

http://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2022.888944&domain=pdf&date_stamp=2022-06-30
https://www.frontiersin.org/articles/10.3389/fbioe.2022.888944/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.888944/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.888944/full
http://creativecommons.org/licenses/by/4.0/
mailto:piergiorgio.gentile@newcastle.ac.uk
mailto:giuseppe.pontrelli@gmail.com
https://doi.org/10.3389/fbioe.2022.888944
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2022.888944


opportunity to use different administration routes or encapsulate
various bioactive molecules, including nucleic acid and proteins
(McKiernan et al., 2018; Ospina-Villa et al., 2019).

The release of the drug payload can be easily tuned by selecting
the polymer and its chemical characteristics, such as monomer
composition, molecular weight, glass transition temperature, and
crystallinity (Takeuchi et al., 2018; Lagreca et al., 2020). Another
important aspect is the selection of the manufacturing method
that can provide the MPs with specific morphological properties,
size, and polydispersity index. These characteristics are
fundamental to guarantee stability, encapsulation, and suitable
drug release (Busatto et al., 2018). Thus, manufacturing
techniques need to be selected according to the drug payload
and specific MP applications (Wang et al., 2017). However, MPs
have some limitations including the presence of organic solvent
residues, tendency to form aggregates, high burst release, and
instability of encapsulated bioactive molecules (Lagreca et al.,
2020). Therefore, there is an urgent need for advanced
technologies to obtain coated MPs that enable addressing
these challenges, allowing localized and controlled release of
the active therapeutics (Lavan et al., 2003; Park et al., 2018).
Strategies for manufacturing of thin and homogenous films
account for the Langmuir–Blodgett technique (Park et al.,
2011), self-assembled monolayer methods (Mani et al., 2008),
and layer-by-layer (LbL) assembly (Gentile et al., 2015; Gentile
et al., 2017). The latter technique is most suited for fabrication of
films that can be applied as drug delivery systems due to their
versatility with no limitations on the shape and size of the
substrate and requires mild processing conditions, without
using high pressure and temperature.

Furthermore, LbL coatings are deposited onto the substrate
surface by alternating the adsorption of the charged materials,
such as polyelectrolytes (PEs), proteins, graphene oxide, and
micelles (Park et al., 2018). The interaction of these charged
materials involves driving forces such as electrostatic potential,
covalent or hydrogen bonds, and biological interactions. The
polymers used for the LbL assembly of MPs mainly are mainly
synthetic PEs, such as poly(allylamine hydrochloride) (PAH)
(Gentile et al., 2015), polyethyleneimine (PEI) (Li et al., 2011;
Ju et al., 2016), poly (styrene sulfonate) (PSS) (Park et al., 2011),
and poly(acrylic acid) (PAA) (Xie et al., 2014; Ju et al., 2016).
However, the use of natural-based PEs is considered an attractive
alternative for biomedical applications due to their biomimetic
and improved biological properties (Sood et al., 2021). The
selection of the materials can influence the thickness of the
multilayer. Particularly, synthetic polymers are considered
mainly strong PEs, and they present higher values (~15–25 nm
of thickness for each layer) at the same concentration values as
the natural ones (few-15 nm) (Grant et al., 2001). Furthermore,
LbL assembly can be useful for high payload and sustained release
as shown by Szczęsna et al. (2021), where they manufactured
multilayered alginate/chitosan microparticles for encapsulating
biomolecules.

With reference to the release aspect, mathematical and
computational (in silico) modeling offers an alternative tool in
drug delivery design and provides more insight on the effects of
various geometrical and physical conditions that can be useful to

drastically reduce the number of experiments and, also, to
predictive screening instrument for the design and
manufacturing of drug-loaded systems (Siepmann and
Siepmann, 2012). Within this field, the mathematical models
can be divided into two large groups, that is, mechanistic or
empirical/semi-empirical. The latter consists typically of quite
simple equations that can be easily managed by the
experimentalists. A large number of these models (Peppas,
Weibull, Gompertz, et al.) have been proposed over the years
and are based on a simple power–law relationship involving time
and drug release, with the exponent that represents the
mechanism of release (e.g., diffusion, erosion, swelling or non-
Fickian diffusion) (Ritger and Peppas, 1987). The fully
mechanistic continuum models, which have been gaining
increasing attention, are based on different phenomena via
more difficult physics-based equations and accounting for
parameters having a direct physical and chemical meaning
(Pontrelli et al., 2021). However, each strategy is characterized
not only by advantages but also by limitations and challenges. In
our work, we develop a continuum-scale mathematical model to
evaluate the transport and release of a drug from an MP. This
model accounts for two different components (core and shell)
and considers the dissolution and diffusion of the drug into the
core and, also, the diffusion and the retention of the drug into the
shell. After the identification of the relevant parameters over a set
of in vitro experiments, we perform sensitivity analysis to
understand the influence of different model conditions on the
full system behavior. We show that the model, after assessment
through a procedure of optimization, is capable of fitting the
observed experimental data and, thus, can be used as a
predictive tool.

2 MODELING DRUG RELEASE FROM A
MULTILAYER PARTICLE

One of the main advantages of LbL assembly consists in the
opportunity to modulate and control the release of the drug by
modifying the number of layers, and therefore, the MP final
thickness. Particularly, two growth regimes are reported: 1) the
linear regime involves a coating growing linearly with each PE
deposition step that only appears if the charge of the new PE
overcompensates the surface charge of the previous later upon,
and 2) the nonlinear regime (i.e., exponential) that depends
mainly on the polymeric dynamics of multilayered coating and
involves a thickness increasing exponentially with each PE
deposition step (Campbell and Vikulina, 2020). Several works
in literature have reported that a minimum number of layers
(from four nanolayers or two bi-layers) are required in order to
successfully change the properties of the substrate surface
(Radtchenko et al., 2000; Pontremoli et al., 2021). This
involves the formation of precursor layers that enable
decreasing possible interference from the substrate to get a
better charged uniform surface and, ultimately, a more
homogenous and stable multilayer (Peng et al., 2012).
Furthermore, the PE charge has also a fundamental role in the
formation of a stable multilayer, where two charge compensation
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types are commonly reported: intrinsic and extrinsic charge
compensation. The former accounts for the charge balance
between the previous PEs into the multilayer, while the latter
occurs when extra PE charge is compensated via salt ions present
in the solution (i.e., Na+ and Cl−) (Ghoussoub et al., 2018).
However, during the growth of the multilayer, a saturation
stage, mainly managed by the electrostatic interaction between
the dissolved PEs in the solvent and the progressively neutralized
substrate surface, is reached and does not allow any more
deposition of layers (Zhang et al., 2018).

To model drug release from MPs, we consider a multilayer
spherical system that accounts for an internal core Ω0 and n
enveloping concentric layers Ω1, Ω2, .. Ωn. These layers have, all
together, a thickness much smaller than the radius of the core but
offer a significant resistance to the drug flux. Most drugs are

entrapped into the internal core, and we consider an initial
homogeneous distribution at some concentration B0. However,
the MP assembly configuration can determine that a certain
amount of drug can initially be entrapped in the other layers.
We consider that this drug remains permanently encapsulated
and will not be released. For the purposes of sole release, however,
we can model the multiple shells with a unique equivalent
external layer having averaged characteristics and yielding the
same cumulative releasing effect (Figure 1). Thus, the resulting
two-layer MP comprises a spherical core Ω0 of radius R0 and an
enveloping shell Ω1 of radius R1 protecting the core and covering
the MP surface. Let us consider a coordinate system with the
origin located at the center of the sphere and the r-axis oriented
with the positive direction pointing outward (Figure 2).

Regarding in vitro experiments, when exposed to the release
medium, the particle uptakes surrounding liquid (phosphate
buffer saline, PBS) and a mechanism of dissolution results in
the filled core, transforming the immobile (undissolved) drug
with concentration b0(x, t) to dissolved drug with concentration
c0(x, t). As we have demonstrated previously (Pontrelli et al.,
2021), we assume model dissolution as a nonlinear process where
the drug entrapped into the core can dissolve at a specific rate β
proportionally to the difference between the concentration of
dissolved drug and its solubility S in the physiological solution.
After dissolution, the drug is capable of diffusing over the core
with a diffusion coefficientD0. The drug dissolution and diffusion
dynamics in Ω0 are defined by the nonlinear partial differential
equations:

zb0
zt

� −βbα0(S − c0),
zc0
zt

� ∇ · (D0∇c0) + βbα0(S − c0), inΩ0 (2.1)

where ∇ stands for the gradient operator. The α exponent takes
into consideration possible effects on the dissolution rate because
the particle surface area varies. Typically, in the case of spherical
particles, α � 2 /

3 (Frenning, 2003).

FIGURE 1 | Diagram of the cross section of a spherical two-layer system based on an internal core and concentric LbL coating (left, (A)). With reference to their
releasing properties, the enveloping layers can be assimilated to a unique equivalent shell having averaged characteristics (right, (B)) (figures not to scale).

FIGURE 2 | Schematic of the 2D cross-section of a multilayer system
comprising an internal coreΩ0 and LbL-equivalent external shellΩ1 (figure not
to scale).
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Furthermore, in view of modeling drug kinetics in the shell,
experiments show that due to electrostatic interactions, a low
percentage of the initial loaded drug is mainly kept without any
release (Toniolo et al., 2018). We model this aspect by using first-
order reaction kinetics, where diffusing the drug through the shell can
potentially be permanently bound with a rate k (Pontrelli et al., 2021).
Although other forms of reaction/interaction can be considered, in the
current work, we concentrate our investigation on a simple linear
reaction model. Representing the bound and unbound phase
concentrations by b1(x, t) and c1(x, t) respectively, the dynamics of
the drug inΩ1 can be described by the equations (Pontrelli et al., 2021):

zc1
zt

� ∇ · (D1∇c1) − kc1,

zb1
zt

� +kc1, inΩ1. (2.2)

where D1 is the diffusion coefficient in the coating shell.
To close the system Eqs 2.1, 2.2, proper initial and boundary

conditions are imposed. At the interfaces between the core and
shell, we consider continuity of normal flux and concentration:

−D0∇c0 · n � −D1∇c1 · n, c0 � c1 at zΩ0 ∩  zΩ1. (2.3)
At the outer surface, mimicking the in vitro experimental

conditions where the MP is immersed in a large environment
fluid, we impose a perfect sink condition:

c1 � 0 at zΩ1. (2.4)
At initial time, the concentration of the undissolved loaded

drug in the core is B0, and the bound drug concentration in the
shell is B1:

b0 � B0, c0 � 0, b1 � B1, c1 � 0. (2.5)
At any time, the drug total mass present in the MP is specified

by integrating the concentration of each layer over the
corresponding volume (Pontrelli et al., 2021), as

Mtot(t) � ∫
Ω0

{b0(x, t) + c0(x, t)}dx + ∫
Ω1

{b1(x, t) + c1(x, t)}dx.

(2.6)
The release profile,Mrel(t), is determined as the cumulative %

of drugs released by time t and can be defined as

%Mrel(t) � Mtot(0) −Mtot(t)
Mtot(0) × 100, (2.7)

where Mtot(0) represents the total initial drug mass. A relevant
performance indicator will be release time determined as the
minimum time tr beyond which %Mrel(t) has a small variation
(<0.1%) (Pontrelli et al., 2020).

3 EXPERIMENTAL SET UP AND RELEASE
CONSIDERATIONS

The manufacture of the LbL-functionalized MP is a complex
procedure where several factors need to be considered within the

experimental setup for efficient incorporation and release of a
drug from the multilayer structure. Initially, the possible toxicity
of the biomolecules and of the polyelectrolytes needs to be
evaluated before the manufacturing of the LbL multilayer
coating, incorporating the selected drug (Li et al., 2017). The
second aspect is MP stability, where the enveloping layers
entrapping drugs need to be physically and chemically stable
(Goldberg et al., 2007). To improve it, the number of layers
produced, variety of interactions, and crosslinking chemistry
need to be carefully considered. Particularly, a high number of
layers can increase the stability and the homogeneity of the
prepared multilayer (Amancha et al., 2014; Szczęsna et al.,
2021). Another important aspect is the drug release rate that
should be devised to ensure a sustained rather than burst release,
taking into consideration the target site and the dose. This can be
accomplished by tuning the rate of film degradation rate that
depends on the material, the fabrication method, and the type of
drug incorporated. Furthermore, the controllable wall
permeability between the core and the shell, which represents
a fundamental LbL MP characteristic, makes their use
encouraging for drug delivery (Szczęsna et al., 2021). By using
this feature, different drugs have been entrapped into the hollow
MPs by tuning easily the surface permeability at various salt
concentrations or pH (Johnston et al., 2006), though, the
application of this procedure is limited to the MP
formulations or/and the loaded drugs, and the drug
entrapment percentage can be very low as the maximum drug
concentration in the MP is frequently restricted to the
concentration in the physiological solution (Mao et al., 2005).

For the manufacturing of drug-loadedMPs, calcium carbonate
(CaCO3) cores were synthesized according to the protocol
reported by Volodkin et al. (2004) by using CaCl2 and
Na2CO3 as precursors at the same molarity, 0.33 M, and with
the same volume. PSS (1 mg/ml) was dissolved in Na2CO3 in
order to prevent the cuboidal calcite crystalline phase of CaCO3.
The reagents were initially solubilized in deionized water (dH2O)
separately, and the solution containing Na2CO3 and PSS was
rapidly poured into the CaCl2 solution under constant and
intense mixing, over a magnetic hot plate at room temperature
(RT) for 10 min, centrifuged three times in dH2O in order to
separate the CaCO3 from the supernatant and, then, left to dry at
RT. For the LbL multilayered formation, aqueous solutions of
both PEs (PSS and PAH) were prepared in 0.5 MNaCl at 5 mg/ml
of concentration. The washing steps were carried out in 0.05 M
NaCl water solution, and the pH of all the solutions was titrated at
6.5. The CaCO3 MPs, characterized by a negative ζ-potential
(−20.1 ± 0.4 mV), were dissolved in the PE solutions (10 ml per
100 mg of CaCO3), starting with the polycation (PAH) for 15 min
of immersion; then three washing steps by centrifuging the MPs
for 2 min at 1200 rpm were carried out to remove the excess PE.
The process was repeated to create 14 layers (seven cycles). The
metronidazole (MT), a drug with high antimicrobial activity
against anerobic bacteria and protozoa, was loaded into the
CaCO3 core by prior dissolution in the CaCl2 reagent. After
the LbL procedure, the obtained functionalized MPs were dried at
37°C in an oven and then stored at 3°C. The growth of the
multilayered coating formation was observed by scanning
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electron microscopy (SEM) analysis (Figure 3). After eight layers,
the LbL-MP surface looked very rough and porous (Figure 4B),
while, after the deposition of the 14 nanolayers, a more
homogeneous and smoother coated surface was observed
(Figure 4C). By using ImageJ software, after the LbL
functionalization, the diameter of the bare MPs (CaCO3 only)
increased from an average diameter of 1.39 ± 0.43 µm to 1.52 ±
0.32 μm. Furthermore, the successful multilayer coating
manufacturing was confirmed by ζ-potential measurements
and infrared spectroscopy analysis using FT IR-ATR (see

Supplementary Figures S1, S2). In vitro MT release, after
incubation of the LbL MPs at 37°C, was calculated by
UV–Vis spectrophotometry and shown in Figure 4D. The
MT release profile showed triphasic behavior: an early linear
trend with approximately 20% of the released drug within the
first 12 h and then a controlled and sustained MT release
(70–80%), before reaching a plateau after 140 h. These
release results are suitable for the application of multilayered
loaded MPs that are intended to improve the properties over a
7-day period when bacterial infections occur in vivo.
Information on the methods used for the MP
characterization is reported in the Supplementary Material.

4 NUMERICAL SIMULATIONANDRESULTS

The drug release mechanism from a multilayer MP modeled by
Eqs 2.1, 2.2 depend on a large number of interdependent
parameters, whose value cannot often be identified empirically.
Furthermore, even when some of these unknown parameters are
obtainable from published works, they can be frequently
subjected to high uncertainty and inconsistency. Thus, having
available reliable parameter estimates represents an important
issue in this area.

In this two-dimensional computational study, the geometrical
and physical parameters are chosen to simulate the release from a
coated core-shell drug-loaded particle and in agreement with
typical values and release times from experiments as in the
previous section (Figure 3). The size (diameters) of the MP
layers has been selected as follows:

dp
0 � 1.39 μm , dp

1 � 1.52 μm. (4.1)
That results in the following volumes (areas in 2D),

respectively:

FIGURE 3 | SEM Images of the MP as prepared (A), after eight layers (B) and after 14 layers (C). In vitro release data from the LbL-functionalized MPs (D). Each
data point represents the mean ± standard deviation over a set of six tested samples.

FIGURE 4 | FEM mesh in the two-layer spherical particle.
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V0 � 1.5175 μm2 , V1 � 0.2971 μm2. (4.2)
The core has been initially loaded by the encapsulated drug,

with the enveloping shell free of the drug, and the respective
masses are as follows:

M0 � 2.5 · 10−4μg , M1 � 0. (4.3)
To solve the mathematical problem in Eqs 2.1, 2.2, and in view

of more complex geometries, we employ the finite element method
by using COMSOL Multiphysics software (COMSOL
Multiphysics, 2019). The FEM triangular mesh has a maximum
size of 0.16 µm which guarantees a convenient resolution. Further
refining of the mesh did not alter the solution (grid independence)
(Figure 4). The simulation has been run over 400 h, with a
discretization time step automatically adapted.

It is known that the shell acts as a selective barrier for drug
release, with a consequent reduction of mobility to prevent fast
release. In the external environment, the mass accumulates
gradually, influenced by the material characteristics of the two
layers. So, because of the absorbing condition (Eq. 2.4), the
overall drug mass is transported to the external release
medium at an adequately extended time. In Table 1, we report
the six model parameters that have been identified by best fit over
the experimental data, and Figure 5 shows the correspondent
cumulative percentage of mass released (release curve). It appears
that about 85% of the drug is released (with a release time of about
233 h), while 15% remains permanently bound in the MP. The
drug release appears well-described by the developed two-layer
dissolution–diffusion-reaction model.

In Figure 6, the concentration field at six different time points
is displayed: two regimes are easily recognizable, in the first,
shorter, the drug dissolves, diffuses in the core, and travels to the
external shell layer; in the second longer regime, the drug is finally
transported from the shell to the release medium at a sufficiently
extended time. Due to its high resistance, drug kinetics is much
slower in the shell, until it is released externally at a rate that
depends on the diffusive properties. The influence of the joint
multi-diffusivity is comparable to that of other existing drug
release carriers (Kaoui et al., 2018; Pontrelli et al., 2021). The thin
outer shell retains a negligible mass because of its thickness, and
the core is totally emptied after an incubation time of
approximately 16 days, when all the mass is moved to the
shell and released to the surrounding environment. In the case
of smaller diffusivity coefficients, a much-sustained release
takes place.

4.1 Sensitivity Analysis
We now investigate the sensitivity of the model to the variation
with respect to the case study, when a parameter at a time is
varied. In particular, we concentrate our study on the properties
of the shell, when its material parameters are changed. Then, we
proceed also to study the variation of the solution with respect to
the shape, in particular when flattening of the particle occurs, and
the sphere becomes an ellipse.

4.1.1 Influence of Diffusivity
We now consider a variation in the properties of the MPmaterial.
This has been parameterized first by the different ratios of core
diffusivity with respect to the reference case being in the range:

D0

Dp
0

� 10−4 − 104. (4.4)

Despite the high variation of D0, the sensitivity of the drug
release is quite low. This is expected because the shell acts as a
barrier that hinders mass diffusion, irrespective of the value of the
diffusivity in the core (Figure 7A).

In the second set of simulations, we consider the variation of
the diffusivity of the shell over Dp

1, being in the range:

D1

Dp
1

� 0.1 − 10. (4.5)

The sensitivity to the outer layer diffusivity is more significant
and suggests that most of the release characteristics are controlled
by shell material properties. In addition, a reduced mobility
translates into a longer permanence of drug in the shell, which
passes on a stronger binding reaction (Figure 7B). In summary,
the release from the MP is diffusion-limited from the lower value
of the coating shell that plays a major role and guarantees
sustained release. The corresponding changes in release times
are reported in Table 2.

TABLE 1 | Reference parameters (denoted by *) as obtained by the best fit in the
present case study.

Parameter Value (units)

Dp
0 2.5 · 10−10cm2s−1

Dp
1 2.5 · 10−11cm2s−1

αp 1.1
βp 2.7 · 10−6s−1(g cm−2)−α
Sp 0.03 g cm−2

kp 0.2 s−1

FIGURE 5 | Best fit curve of simulation (red line) over experimental data
(black line with error bars).
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4.1.2 Influence of the Dissolution
The dissolution process in the core is controlled by the
parameters S and β (Table 2). It turns out that reducing these
parameters, and more markedly β, results in an impedance of
drug dissolution and increasing of releasing time. On the other
hand, increasing the values of S and β accounts for an initial burst
release of the drug, which may be beneficial when a quick
delivery, instead of a sustained and delayed release, is required
(Figures 7C,D). An opposite trend has the exponent α that
through the shape of the dissolved particles and the exposed
surface, it controls the amount of the undissolved available drug
(Figure 7E). The sensitivity of the releasing time turns out to be
very high (Table 2).

4.1.3 Influence of the Binding Rate in the Shell
We first consider one order of magnitude variation oscillating of
the parameter k:

k

kp
� 0.1 − 10 (4.6)

that corresponds to a reduced/augmented binding rate, respectively,
with a different percentage of mass retained in the shell and never
released (Figure 7F). The correspondent drug released percentages
are 98 and 32% and with a release time unchanged (Table 2).

4.1.4 Influence of the Shape/Curvature
Although the effect of particle surface chemistry and of the size on
the delivery of the drug has been widely investigated, a lack of
knowledge exists on the influence of the shape of the MP on drug
release. Among a variety of irregular configurations, we have
analyzed the sensitivity of the release with respect to the varying
curvature, in contrast with its constant value of the sphere. For
this purpose, a 2D ellipse with different eccentricities has been
considered to be a perturbation of the original cross-section
circular geometry (Pontrelli et al., 2020). To keep the same
volume of the core and the shell, the shell thickness should be
reduced to an amount that scales with eccentricity, resulting in a
minor effect of the drug retained in it. As a result, an increased
percentage of drugs released is reported, with the release time
unchanged (Figure 8).

5 DISCUSSION

LbL MPs can be easily fabricated by the alternate deposition of
charged polymers adsorbed in the multilayer coating onto a
spherical core that can be removed to obtain a final bare
polymeric particle (Scheffler et al., 2020). Into the solid or
hollow core and within the nanolayers, the payload can be

FIGURE 6 | Top: concentration field at six different times labelled from A (after 3 s) to F (after 61000 s). Bottom: plot of the maximum concentration at the MP center
vs. time at the 6 selected times.
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entrapped acting as a bio-compound, reporter, or sensor
(Tong et al., 2012). Works in literature report that with
this LbL-based procedure, it is possible to obtain MPs with
dimensions ranging from few to 10–15 μm for releasing, in a
controlled and localized manner, a payload for applications in
cancer therapy (e.g., chemotherapeutics, photosensitizers,
and siRNA), treatment of infectious diseases (e.g.,
antibiotics and Ag nanoparticles), and cellular engineering
(e.g., antigens, peptides, and growth factors) (Tong et al.,
2012). In order to create a better design of MPs that can
efficiently release the drug payload in the required time for a
specific application, the setup of a computational in silico
model can help.

In our study, we develop a mathematical model consisting
of a few assumptions and validated by the experimental data

from in vitro dissolution tests. Significantly, we have proven
that a mechanism of dissolution–diffusion-reaction fitted
well the experimental drug release data, and the different
recognized parameters of the model point to a complex
relationship of drug kinetics with various parameters. The
strategy proposed in this work to computationally identify
these parameters from experimental in vitro data is very
beneficial because once calibrated, this model can be
utilized in a predictive manner to decrease the number of
experiments, and with additional adjustments, can also be
associated with in vivo experimental results. It is shown how
the model parameters influence the entire process of drug
release. Therefore, according to the specific application, it is
important to identify the set of parameters to be able to
ensure a better uniform and prolonged release and the other

FIGURE 7 | Sensitivity of the release curves to the six model parameters varied with respect to their reference values in Table 1. The black curve refers to the
reference values, the red curve to a smaller value, and the blue to a greater value (cfr. tables 1.2).
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values that cause a localized peaked distribution followed by a
quicker decay. Among these, the coating shell diffusivity
provides substantial resistance to the mass flux. This
resistance needs to be appropriately tuned to selectively
allow the release of the drug molecules, keeping them in
the effective therapeutic range without dropping below an
insufficient amount or exceeding the toxic dose. The
outcomes can be used to evaluate if the drug payload
targets the desired tissues at a suitable rate and to tune the
required dose load influenced by the multiple shells for a
prolonged time. Compared with other existing single-layer
models, our proposed work represents an easy tool to predict
accurately the release of a drug from an LbL MP that can be
beneficial to the design and development of new drug delivery
platforms. Finally, the versatility of the proposed model can
be also applied to particles functionalized with LbL assembly
for different biomedical applications including, for example,
tissue engineering and theranostics (Wang et al., 2018).
Particularly, this model can help investigate the release of
a combination of chemotherapeutic drugs from the core and/
or the shell to understand the optimal release kinetics
required for fighting cancer cells.

6 CONCLUSION

Although interesting progress in the design of innovative and
smart drug release carriers has been made, the specific
properties and the manufacturing of functionalized delivery
systems remains a great challenge. Mathematical modeling
has gained recently extreme importance as an alternative
powerful tool to describe drug delivery, and researchers are
making a great effort to understand deeper the elution
mechanism. This is not fully understood and can be
affected by various combined chemical and physical
features. In our study, a mechanistic model to investigate
the drug release from an LbL functionalized MP is proposed
by considering a minimum number of physical assumptions.
Numerical results show the role and the importance of the
parameters on drug kinetics and demonstrate how the material
parameters correlate with the release rate. The experimentally
supported outcomes offer a new understanding of the drug mass
transfer and of the influence of different parameters, such as the
particle shape and the multilayer resistance, on the mechanism
of drug release in any release medium including cell culture

medium (i.e., DMEM and F12). Thus, by presenting the
correlation between properties of the material transport and
numerous variables, our model can be utilized to find and
optimize the processing parameters that ensure a controlled
drug delivery within a certain time. The extension to the surface
erodible MPs due to polymer degradation will be considered in a
future work. Thus, the proposed model will offer important
support in the design of proper particles for achieving a
therapeutic release rate by using a systematic strategy with a
limited number of experiments.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

PG and GP conceived the study. EB, PG, and GP designed the
computational experiments. TW, LD, AP, and PG manufactured
the LbLmicroparticles and the experimental characterization. EB,
TW, LD, and GP performed the computational simulations. All
the authors analyzed and interpreted the data and prepared the
manuscript.

FUNDING

The funding from the European Research Council under the
European Union Horizon 2020 Framework Program (No. FP/
2014-2020) ERC Grant Agreement No. 739964 (COPMAT) is
acknowledged. This work is also partially supported by Italian
MIUR (PRIN 2017 project: Mathematics of active materials:

TABLE 2 | Parameter variations over the reference case and their influence on the
release time tr.

Parameter ratio Value Release time tr (h)

Reference case (*) Table 1 233
D0/Dp

0 10−4 − 104 245–233
D1/Dp

1 0.1 − 10 233–232
S/Sp 0.66 − 1.33 312–178
β/βp 0.5 − 2 466–119
k/kp 0.1 − 10 233–234
α/αp 0.9 − 1.09 124–334

FIGURE 8 | Sensitivity of the release curves to ellipse eccentricity λ.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org June 2022 | Volume 10 | Article 8889449

Barchiesi et al. Drug Release From Multilayer Particles

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


from mechanobiology to smart devices, project number
2017KL4EF3) and International Exchanges 2020 Cost Share
(Italy) (IEC/R2/202094) funded by The Royal Society and
EPSRC for the PhD studentships of TW and LD (EPSRC
Grant EP/R51309X/1).

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fbioe.2022.888944/
full#supplementary-material

REFERENCES

Amancha, K. P., Balkundi, S., Lvov, Y., and Hussain, A. (2014). Pulmonary
Sustained Release of Insulin from Microparticles Composed of
Polyelectrolyte Layer-By-Layer Assembly. Int. J. Pharm. 466 (1-2), 96–108.
doi:10.1016/j.ijpharm.2014.02.006

Busatto, C., Pesoa, J., Helbling, I., Luna, J., and Estenoz, D. (2018). Effect of Particle
Size, Polydispersity and Polymer Degradation on Progesterone Release from
PLGAMicroparticles: Experimental andMathematical Modeling. Int. J. Pharm.
536 (1), 360–369. doi:10.1016/j.ijpharm.2017.12.006

Campbell, J., and Vikulina, A. S. (2020). Layer-By-Layer Assemblies of
Biopolymers: Build-Up, Mechanical Stability and Molecular Dynamics.
Polymers 12 (9), 1949. doi:10.3390/polym12091949

Chung, C. H. Y., Cui, B., Song, R., Liu, X., Xu, X., and Yao, S. (2019). Scalable
Production of Monodisperse Functional Microspheres by Multilayer
Parallelization of High Aspect Ratio Microfluidic Channels. Micromachines
10 (9), 592. doi:10.3390/mi10090592

COMSOL Multiphysics (2019). Simulate Real-World Designs, Devices, and
Processes with Multiphysics Software from COMSOL. Stockholm, Sweden:
COMSOL. Available at: www.comsol.com.

Frenning, G. (2003). Theoretical Investigation of Drug Release from Planar Matrix
Systems: Effects of a Finite Dissolution Rate. J. of Control. Release 92, 331–339.
doi:10.1016/s0168-3659(03)00338-9

Gentile, P., Ferreira, A. M., Callaghan, J. T., Miller, C. A., Atkinson, J., Freeman, C.,
et al. (2017). Multilayer Nanoscale Encapsulation of Biofunctional Peptides to
Enhance Bone Tissue Regeneration In Vivo. Adv. Healthcare Mat. 6 (8),
1601182. doi:10.1002/adhm.201601182

Gentile, P., Frongia, M. E., Cardellach, M., Miller, C. A., Stafford, G. P., Leggett, G.
J., et al. (2015). Functionalised Nanoscale Coatings Using Layer-By-Layer
Assembly for Imparting Antibacterial Properties to Polylactide-Co-Glycolide
Surfaces. Acta Biomater. 21, 35–43. doi:10.1016/j.actbio.2015.04.009

Ghoussoub, Y. E., Zerball, M., Fares, H.M., Ankner, J. F., Von Klitzing, R., and Schlenoff,
J. B. (2018). Ion Distribution in Dry Polyelectrolyte Multilayers: A Neutron
Reflectometry Study. Soft Matter 14, 1699–1708. doi:10.1039/c7sm02461d

Goldberg, M., Langer, R., and Jia, X. (2007). Nanostructured Materials for
Applications in Drug Delivery and Tissue Engineering. J. of Biomaterials
Sci. Polym. Ed. 18 (3), 241–268. doi:10.1163/156856207779996931

Grant, G. G. S., Koktysh, D. S., Yun, B., Matts, R. L., and Kotov, N. A. (2001). Layer-By-
Layer Assembly of Collagen Thin Films: Controlled Thickness and Biocompatibility.
Biomed. Microdevices 3 (4), 301–306. doi:10.1023/a:1012456714628

Johnston, A. P. R., Cortez, C., Angelatos, A. S., and Caruso, F. (2006). Layer-By-
Layer Engineered Capsules and Their Applications. Curr. Opin. Colloid &
Interface Sci. 11 (4), 203–209. doi:10.1016/j.cocis.2006.05.001

Ju, W., Song, X., Yan, G., Xu, K., Wang, J., Yin, D., et al. (2016). Layer-By-Layer
Assembly of Polyoxometalate-Pyrene-Decorated Fluorescent Microspheres for
the Suspension Immunoassay of Listeria Monocytogenes. J. Mat. Chem. B 4
(24), 4287–4294. doi:10.1039/c6tb00986g

Kaoui, B., Lauricella, M., and Pontrelli, G. (2018). Mechanistic Modelling of Drug
Release from Multi-Layer Capsules. Comput. Biol. Med. 93, 149–157. doi:10.
1016/j.compbiomed.2017.12.010

Karp, F., Busatto, C., Turino, L., Luna, J., and Estenoz, D. (2019). PLGA Nano- and
Microparticles for the Controlled Release of Florfenicol: Experimental and
Theoretical Study. J. Appl. Polym. Sci. 136 (12), 47248. doi:10.1002/app.47248

Lagreca, E., Onesto, V., Di Natale, C., La Manna, S., Netti, P. A., and Vecchione, R.
(2020). Recent Advances in the Formulation of PLGA Microparticles for
Controlled Drug Delivery. Prog. Biomater. 9 (4), 153–174. doi:10.1007/
s40204-020-00139-y

Lavan, D. A., McGuire, T., and Langer, R. (2003). Small-Scale Systems for In Vivo
Drug Delivery. Nat. Biotechnol. 21 (10), 1184–1191. doi:10.1038/nbt876

Li, B. L., Setyawati, M. I., Chen, L., Xie, J., Ariga, K., Lim, C.-T., et al. (2017).
Directing Assembly and Disassembly of 2D MoS2 Nanosheets with DNA for
Drug Delivery. ACS Appl. Mat. Interfaces 9 (18), 15286–15296. doi:10.1021/
acsami.7b02529

Li, H., Gao, S., Zheng, Z., and Cao, R. (2011). Bifunctional Composite Prepared
Using Layer-By-Layer Assembly of Polyelectrolyte-Gold Nanoparticle Films on
Fe3O4-Silica Core-Shell Microspheres. Catal. Sci. Technol. 1 (7), 1194–1201.
doi:10.1039/c1cy00096a

Mani, G., Johnson, D. M., Marton, D., Feldman, M. D., Patel, D., Ayon, A. A., et al.
(2008). Drug Delivery from Gold and Titanium Surfaces Using Self-Assembled
Monolayers. Biomaterials 29 (34), 4561–4573. doi:10.1016/j.biomaterials.2008.
08.014

Mao, Z., Ma, L., Gao, C., and Shen, J. (2005). Preformed Microcapsules for Loading
and Sustained Release of Ciprofloxacin Hydrochloride. J. of Control. Release 104
(1), 193–202. doi:10.1016/j.jconrel.2005.02.005

Martins, C., Sousa, F., Araújo, F., and Sarmento, B. (2018). Functionalizing PLGA and
PLGA Derivatives for Drug Delivery and Tissue Regeneration Applications. Adv.
Healthcare Mat. 7 (1), 1701035. doi:10.1002/adhm.201701035

McKiernan, P., Lynch, P., Ramsey, J., Cryan, S., and Greene, C. (2018). Knockdown
of Gene Expression in Macrophages by microRNA Mimic-Containing Poly
(Lactic-Co-Glycolic Acid) Microparticles. Medicines 5 (4), 133. doi:10.3390/
medicines5040133

Ospina-Villa, J. D., Gómez-Hoyos, C., Zuluaga-Gallego, R., and Triana-Chávez, O.
(2019). Encapsulation of Proteins from Leishmania Panamensis into PLGA
Particles by a Single Emulsion-Solvent Evaporation Method. J. Microbiol.
Methods 162, 1–7. doi:10.1016/j.mimet.2019.05.004

Park, M.-H., Agasti, S. S., Creran, B., Kim, C., and Rotello, V. M. (2011). Controlled
and Sustained Release of Drugs from Dendrimer-Nanoparticle Composite
Films. Adv. Mat. 23 (25), 2839–2842. doi:10.1002/adma.201004409

Park, S., Han, U., Choi, D., and Hong, J. (2018). Layer-By-Layer Assembled
Polymeric Thin Films as Prospective Drug Delivery Carriers: Design and
Applications. Biomater. Res. 22 (1), 29–13. doi:10.1186/s40824-018-
0139-5

Peng, C., Thio, Y. S., and Gerhardt, R. A. (2012). Effect of Precursor-Layer Surface
Charge on the Layer-By-Layer Assembly of Polyelectrolyte/Nanoparticle
Multilayers. Langmuir 28 (1), 84–91. doi:10.1021/la203626x

Pontrelli, G., Carr, E. J., Tiribocchi, A., and Succi, S. (2020). Modeling Drug
Delivery from Multiple Emulsions. Phys. Rev. E 102, 023114. doi:10.1103/
PhysRevE.102.023114

Pontrelli, G., Toniolo, G., McGinty, S., Peri, D., Succi, S., and Chatgilialoglu, C.
(2021). Mathematical Modelling of Drug Delivery from pH-Responsive
Nanocontainers. Comput. Biol. Med. 131, 104238. doi:10.1016/j.
compbiomed.2021.104238

Pontremoli, C., Pagani, M., Maddalena, L., Carosio, F., Vitale-Brovarone, C., and
Fiorilli, S. (2021). Polyelectrolyte-Coated Mesoporous Bioactive Glasses via
Layer-By-Layer Deposition for Sustained Co-Delivery of Therapeutic Ions and
Drugs. Pharmaceutics 13 (11), 1952. doi:10.3390/pharmaceutics13111952

Qodratnama, R., Serino, L. P., Cox, H. C., Qutachi, O., and White, L. J. (2015).
Formulations for Modulation of Protein Release from Large-Size PLGA
Microparticles for Tissue Engineering. Mater Sci. Eng. C Mater Biol. Appl.
47, 230–236. doi:10.1016/j.msec.2014.11.003

Radtchenko, I. L., Sukhorukov, G. B., Leporatti, S., Khomutov, G. B., Donath, E.,
and Möhwald, H. (2000). Assembly of Alternated Multivalent Ion/
Polyelectrolyte Layers on Colloidal Particles. Stability of the Multilayers and
Encapsulation of Macromolecules into Polyelectrolyte Capsules. J. of Colloid
Interface Sci. 230 (2), 272–280. doi:10.1006/jcis.2000.7068

Ritger, P. L., and Peppas, N. A. (1987). A Simple Equation for Description of Solute
Release I. Fickian and Non-Fickian Release from Non-Swellable Devices in the
Form of Slabs, Spheres, Cylinders or Discs. J. of Control. Release 5, 23–36.
doi:10.1016/0168-3659(87)90034-4

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org June 2022 | Volume 10 | Article 88894410

Barchiesi et al. Drug Release From Multilayer Particles

https://www.frontiersin.org/articles/10.3389/fbioe.2022.888944/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2022.888944/full#supplementary-material
https://doi.org/10.1016/j.ijpharm.2014.02.006
https://doi.org/10.1016/j.ijpharm.2017.12.006
https://doi.org/10.3390/polym12091949
https://doi.org/10.3390/mi10090592
http://www.comsol.com
https://doi.org/10.1016/s0168-3659(03)00338-9
https://doi.org/10.1002/adhm.201601182
https://doi.org/10.1016/j.actbio.2015.04.009
https://doi.org/10.1039/c7sm02461d
https://doi.org/10.1163/156856207779996931
https://doi.org/10.1023/a:1012456714628
https://doi.org/10.1016/j.cocis.2006.05.001
https://doi.org/10.1039/c6tb00986g
https://doi.org/10.1016/j.compbiomed.2017.12.010
https://doi.org/10.1016/j.compbiomed.2017.12.010
https://doi.org/10.1002/app.47248
https://doi.org/10.1007/s40204-020-00139-y
https://doi.org/10.1007/s40204-020-00139-y
https://doi.org/10.1038/nbt876
https://doi.org/10.1021/acsami.7b02529
https://doi.org/10.1021/acsami.7b02529
https://doi.org/10.1039/c1cy00096a
https://doi.org/10.1016/j.biomaterials.2008.08.014
https://doi.org/10.1016/j.biomaterials.2008.08.014
https://doi.org/10.1016/j.jconrel.2005.02.005
https://doi.org/10.1002/adhm.201701035
https://doi.org/10.3390/medicines5040133
https://doi.org/10.3390/medicines5040133
https://doi.org/10.1016/j.mimet.2019.05.004
https://doi.org/10.1002/adma.201004409
https://doi.org/10.1186/s40824-018-0139-5
https://doi.org/10.1186/s40824-018-0139-5
https://doi.org/10.1021/la203626x
https://doi.org/10.1103/PhysRevE.102.023114
https://doi.org/10.1103/PhysRevE.102.023114
https://doi.org/10.1016/j.compbiomed.2021.104238
https://doi.org/10.1016/j.compbiomed.2021.104238
https://doi.org/10.3390/pharmaceutics13111952
https://doi.org/10.1016/j.msec.2014.11.003
https://doi.org/10.1006/jcis.2000.7068
https://doi.org/10.1016/0168-3659(87)90034-4
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Scheffler, K., Bilz, N. C., Brueckner, M., Stanifer, M. L., Boulant, S., Claus, C., et al.
(2020). Enhanced Uptake and Endosomal Release of LbL Microcarriers
Functionalized with Reversible Fusion Proteins. ACS Appl. Bio Mat. 3 (3),
1553–1567. doi:10.1021/acsabm.9b01168

Siepmann, J., and Siepmann, F. (2012). Modeling of Diffusion Controlled Drug
Delivery. J. of Control. Release 161, 351–362. doi:10.1016/j.jconrel.2011.10.006

Sood, A., Gupta, A., and Agrawal, G. (2021). Recent Advances in
Polysaccharides Based Biomaterials for Drug Delivery and Tissue
Engineering Applications. Carbohydr. Polym. Technol. Appl. 2, 100067.
doi:10.1016/j.carpta.2021.100067

Szczęsna, W., Tsirigotis-Maniecka, M., Szyk-Warszyńska, L., Balicki, S.,
Warszyński, P., and Wilk, K. A. (2021). Insight into Multilayered Alginate/
Chitosan Microparticles for Oral Administration of Large Cranberry Fruit
Extract. Eur. Polym. J. 160, 110776.

Takeuchi, I., Taniguchi, Y., Tamura, Y., Ochiai, K., and Makino, K. (2018). Effects
of L-Leucine on PLGA Microparticles for Pulmonary Administration Prepared
Using Spray Drying: Fine Particle Fraction and Phagocytotic Ratio of Alveolar
Macrophages. Colloids Surf. A 537, 411417. doi:10.1016/j.colsurfa.2017.10.047

Tong, W., Song, X., and Gao, C. (2012). Layer-By-Layer Assembly of
Microcapsules and Their Biomedical Applications. Chem. Soc. Rev. 41 (18),
6103–6124. doi:10.1039/c2cs35088b

Toniolo, G., Louka, M., Menounou, G., Fantoni, N. Z., Mitrikas, G., Efthimiadou, E.
K., et al. (2018). [Cu(TPMA)(Phen)](ClO4)2: Metallodrug Nanocontainer
Delivery and Membrane Lipidomics of a Neuroblastoma Cell Line Coupled
with a Liposome Biomimetic Model Focusing on Fatty Acid Reactivity. ACS
Omega 3, 15952–15965. doi:10.1021/acsomega.8b02526

Volodkin, D. V., Larionova, N. I., and Sukhorukov, G. B. (2004). Protein
Encapsulation via Porous CaCO3 Microparticles Templating.
Biomacromolecules 5 (5), 1962–1972. doi:10.1021/bm049669e

Wang, H., Zhang, G., Ma, X., Liu, Y., Feng, J., Park, K., et al. (2017). Enhanced
Encapsulation and Bioavailability of Breviscapine in PLGA Microparticles by

Nanocrystal and Water-Soluble Polymer Template Techniques. Eur. J. Pharm.
Biopharm. 115, 177–185. doi:10.1016/j.ejpb.2017.02.021

Wang, P., Kankala, R. K., Fan, J., Long, R., Liu, Y., and Wang, S. (2018). Poly-L-
Ornithine/Fucoidan-Coated Calcium Carbonate Microparticles by Layer-By-
Layer Self-Assembly Technique for Cancer Theranostics. J. Mater Sci. Mater
Med. 29 (5), 68–10. doi:10.1007/s10856-018-6075-z

Xie, L., Ma, S., Yang, Q., Lan, F., Wu, Y., and Gu, Z. (2014). Double-Sided
Coordination Assembly: Superparamagnetic Composite Microspheres with
Layer-By-Layer Structure for Protein Separation. RSC Adv. 4 (3),
1055–1061. doi:10.1039/c3ra44640a

Zhang, L., Zhu, L., Larson, S. R., Zhao, Y., and Wang, X. (2018). Layer-By-Layer
Assembly of Nanorods on a Microsphere via Electrostatic Interactions. Soft
Matter 14 (22), 4541–4550. doi:10.1039/c8sm00062j

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Barchiesi, Wareing, Desmond, Phan, Gentile and Pontrelli. This is
an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other
forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org June 2022 | Volume 10 | Article 88894411

Barchiesi et al. Drug Release From Multilayer Particles

https://doi.org/10.1021/acsabm.9b01168
https://doi.org/10.1016/j.jconrel.2011.10.006
https://doi.org/10.1016/j.carpta.2021.100067
https://doi.org/10.1016/j.colsurfa.2017.10.047
https://doi.org/10.1039/c2cs35088b
https://doi.org/10.1021/acsomega.8b02526
https://doi.org/10.1021/bm049669e
https://doi.org/10.1016/j.ejpb.2017.02.021
https://doi.org/10.1007/s10856-018-6075-z
https://doi.org/10.1039/c3ra44640a
https://doi.org/10.1039/c8sm00062j
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	Characterization of the Shells in Layer-By-Layer Nanofunctionalized Particles: A Computational Study
	1 Introduction
	2 Modeling Drug Release From a Multilayer Particle
	3 Experimental Set up and Release Considerations
	4 Numerical Simulation and Results
	4.1 Sensitivity Analysis
	4.1.1 Influence of Diffusivity
	4.1.2 Influence of the Dissolution
	4.1.3 Influence of the Binding Rate in the Shell
	4.1.4 Influence of the Shape/Curvature


	5 Discussion
	6 Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


