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Abstract: The paper focuses on the development of a multifractal theoretical model for explaining
drug release dynamics (drug release laws and drug release mechanisms of cellular and channel-type)
through scale transitions in scale space correlated with experimental data. The mathematical model
has been developed for a hydrogel system prepared from chitosan and an antimicrobial aldehyde via
covalent imine bonds. The reversible nature of the imine linkage points for a progressive release of the
antimicrobial aldehyde is controlled by the reaction equilibrium shifting to the reagents, which in turn
is triggered by aldehyde consumption in the inhibition of the microbial growth. The development of
the mathematical model considers the release dynamic of the aldehyde in the scale space. Because the
release behavior is dictated by the intrinsic properties of the polymer–drug complex system, they were
explained in scale space, showing that various drug release dynamics laws can be associated with
scale transitions. Moreover, the functionality of a Schrödinger-type differential equation in the same
scale space reveals drug release mechanisms of channels and cellular types. These mechanisms are
conditioned by the intensity of the polymer–drug interactions. It was demonstrated that the proposed
mathematical model confirmed a prolonged release of the aldehyde, respecting the trend established
by in vitro release experiments. At the same time, the properties of the hydrogel recommend its
application in patients with intrauterine adhesions (IUAs) complicated by chronic endometritis as an
alternative to the traditional antibiotics or antifungals.

Keywords: chitosan; imine; bioactive agent release; drug delivery systems; fractal/multifractal
model; scale transition; intrauterine adhesions; chronic endometritis; endometrial inflammation;
viral myocarditis

1. Introduction

Chitosan is a biopolymer widely investigated in a large variety of applications due
to its outstanding biologic properties [1]. From the chemical point of view, chitosan
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can be considered a polyamine, the main repeating unit being glucosamine. Thus, the
main route for chitosan functionalization is the reaction of the amine functional groups
with aldehydes towards imines [2]. A literature survey shows that, in reacting chitosan
with various aldehydes, a large variety of materials were prepared, such as coatings [3],
films [4], hydrogels [5], and nanoparticles [6]. Their extensive investigation demonstrated
an excellent application potential, encouraging researchers to further develop this synthetic
route. It was demonstrated that, due to the chitosan particular solubility in acidic medium,
the imino-chitosan linkage exists in an equilibrium state between the imine products
and reagents [2,5,7]. This apparent drawback was transformed into an advantage by
creating dynamic polymer materials capable of responding under the environmental stimuli
applied [8–11]. In this respect, the reversibility of the imino-chitosan derivatives created
excellent premises for a controlled release of bioactive aldehydes, where the role of the
trigger is played by the water traces in the wet physiological environment.

The deciphering of drug release mechanisms is an important aspect towards the
development of new drug delivery systems. Models usually employed in the description of
drug release dynamics are based on a differentiable class of models. Examples include: the
zero-order model, the Higuchi model, the Hixon- Crowell model, the Korsmeyer-Peppas
model, the first order model, etc., i.e., the standard empirical models [12–15]. Additionally,
there also exists a non-differentiable class of models, such as the fractal drug release
model [16].

Recently, a new class of models for the description of physical systems dynamics
and, particularly, of drug release dynamics has gained prominence [17–19]. This class of
models is based on the Scale Relativity Theory [18,19]. The hypothesis underlining the Scale
Relativity Theory with application in the description of drug delivery dynamics is that the
structural units of any polymer–drug system move on continuous and non-differentiable
curves (fractal/multifractal curves, i.e., three-dimensional fractured/multifractured lines,
their non-linearity being dependent on and proportional to the number of interactions
within the polymer–drug system). In this context, the fractalization/multifractalization de-
gree will be defined as a measure of the polymer–drug system complexity and physical vari-
ables. Therefore, the polymer–drug dynamics will be characterized by fractal/multifractal
functions dependent on both spatial and temporal coordinates and also on resolution
scales. Consequently, the drug release dynamics become operational not only in the usual
space-time but also in the scale space. Because the release properties are dictated only
by the intrinsic properties of the polymer–drug complex system, and, moreover, these
properties are explained only in scale space, in what follows, it will be shown that various
drug release dynamics laws can be associated with scale transitions. Moreover, specific
drug release mechanisms will be highlighted.

In this context, the development of a release model of the bioactive compounds bonded
to chitosan via reversible imine bonds is very important for the understanding of release
behavior and the further development of new systems. In our previous study [20] on
an imine-chitosan hydrogel, we proposed a mathematical model useful for monitoring
the release of bioactive aldehydes covalently bonded to the chitosan by reversible imine
linkage, considered as a polymer–drug system. This model was based on the hypothesis
that the imine-chitosan system can be assimilated from a mathematical point of view with
a multifractal object. Therefore, its dynamics were analyzed in the framework of the Scale
Relativity Theory. As a result, two synchronous dynamics, one in the scale space (associated
with the fungicidal activity) and the other in the usual space (associated with the antifungal
aldehyde release), became operational through Riccati-type gauges. It followed that their
synchronicity (reducible to the isomorphism of two SL (2R)-type groups), implies (by means
of its joint invariant functions) bioactive aldehyde compound release dynamics in the form
of “kink–antikink pairs” dynamics of a multifractal type [20].

The aim of the paper was to develop a theoretical model that explains the drug release
dynamics as scale transitions in order to investigate the release of a bioactive aldehyde
covalently bonded to chitosan via imine linkages. To achieve this, we develop a drug
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release law (different than the one from [20]), and we obtain, through various operational
procedures, drug release mechanisms of cellular and chanel-type. In such a context, the
bioactive aldehyde contains a boronic acid residue, which endows it with strong antifungal
activity. By reacting chitosan with this aldehyde, a dynamic hydrogel was obtained, which
progressively released the antifungal aldehyde in a physiologic environment due to the
reversible character of the imine bond. Thus, the hydrogels showed strong antifungal
activity against the planktonic yeasts and biofilm as well.

2. Theoretical Design
2.1. Scale Space and Drug Release Laws

For a better understanding of our model, we want to recall several concepts that
allow for the description of dynamics in the scale space [20]. Now, let it be considered a
multifractal function F(x) in the interval x ∈ [a, b]. This function can be associated with
any multifractal variable that describes drug release dynamics in the scale space. In such a
context, to the following sequences of values for x:

xa = x0, x1 = x0 + ε, . . . , xk = x0 + kε, . . . , xn = x0 + nε = xb (1)

corresponds F(x, ε) as the broken line that connects the points:

F(x0), . . . , F(xk), . . . , F(xn) (2)

This broken line is an ε-scale approximation of F(x).
Let it be considered a different scale and its ε-scale approximation of F(x, ε). Since F(x)

is a multifractal function, it is self-similar almost everywhere, and if ε and ε are sufficiently
small, the two approximations should lead to approximately the same results. Compar-
ing these two, an infinitesimal increase/decrease dε of ε corresponds to an infinitesimal
increase/decrease dε for ε; thus:

dε

ε
=

dε

ε
= dµ (3)

In this framework, the transition for the scale ε + dε and dε must be invariant. It is
then possible to consider that the infinitesimal transform of the scale is:

ε′ = ε + dε = ε + εdµ (4)

Performing this transform for F(x, ε), it is obtained:

F
(
x, ε′

)
= F(x, ε + εdµ) (5)

Then, through (4):

F
(

x, ε′
)
= F(x, ε) +

∂F
∂ε

(
ε′ − ε

)
(6)

which then yields:

F
(
x, ε′

)
= F(x, ε) +

∂F
∂ε

εdµ (7)

Let it be observed that for an arbitrary fixed ε0, the following equation is found:

∂ ln
(

ε
ε0

)
∂ε

=
∂(ln ε− ln ε0)

∂ε
=

1
ε

(8)

Thus, Equation (6) can also be written as:

F
(
x, ε′

)
= F(x, ε) +

∂F(x, ε)

∂ ln
(

ε
ε0

)dµ (9)

Finally, it is obtained:

F
(
x, ε′

)
=

1 +
∂

∂ ln
(

ε
ε0

)dµ

F(x, ε) (10)
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The operator:

D̂ =
∂

∂ ln
(

ε
ε0

) (11)

acts as a dilation/contraction operator, depending on the given process. Thus, the invari-
ance of the equations that describe drug release dynamics is expressed through whether one
of these equations is changed if the operator is applied, while specifying that the intrinsic
variation of the resolution is ln(ε/ε0).

Thus, the spontaneous breaking of scale invariance of any multifractal variable Q
which shall describe drug release dynamics implies the functionality of the following equation:

∂Q

∂ ln
(

ε
ε0

) = P(Q) (12)

where P(Q) is an arbitrary polynomial associated with the variable Q.
Thus, through a convenient choice of both Q and ln

(
ε

ε0

)
but also of P(Q), it is possible

to mime various drug release laws (such as Zero-order model, First-order model, Weibull
model, etc.) as spontaneous symmetry breaking of scale invariance.

In what follows, let such a situation be explained, for the Weibull model. Let it
be chosen:

Q ≡ ln
(

1− mτ

m∞

)
,

ε

ε0
= expτβ

, P(Q) ≡ −α (13)

Then, through integration and the adequate interpretation of the variables and param-
eters [12], (12) becomes a Weibull law of multifractal type:

mτ

m∞
= 1− exp−ατβ

(14)

It is noted that the release parameters α and β are dependent on the multifractality
degree of the drug release curves.

2.2. Scale Space and Drug Release Mechanisms

The release dynamics of the polymer–drug complex system can be described by the
states function ΨS. According to [18], this function satisfies the Schrödinger-type differential
equation from the scale space:

λ2
S

∂2ΨS

∂X2
S
+ iλS

∂ΨS
∂τ

= 0 (15)

where XS = ln Λ is the spatial scale coordinate, τ is the temporal scale coordinate, and λS
is the diffusion coefficient associated with the fractal–non-fractal transition. Now, by also
employing the differential Schrödinger-type equation from the scale space for the complex
conjugate ΨS, based on the procedure from [18,19], the states density conservation law in
the scale space can be obtained:

∂ρS
∂τ

+
∂JS
∂XS

= 0 (16)

where

ρS = ΨSΨS, JS = iλS

(
ΨS

∂ΨS
∂XS
−ΨS

∂ΨS
∂XS

)
(17)

In (17), ρS is the states density in the scale space and JS is the current density in the
scale space.

Considering the meaning of the state function ΨS by means of a probability density
ρS = ΨSΨS, in what follows, non-manifest dynamics states in complex systems, through
metrics of the Lobachewski plane, will be generated. Indeed, let it be admitted the func-
tionality of the relation:

x2 + y2 = 1 (18)
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where
ΨS = a + ib, x =

a
ρS

, y =
b

ρS
(19)

In these conditions, the metric of the Lobachewski plane can be produced as a Caylean
metric of a Euclidean plane, for which the absoluteness is a circle with unit radius (18).
Thus, the Lobachewski plane can be put into a biunivocal correspondence with the interior
side of the circle. The general procedure of metrization of a Caylean space starts with
the definition of the metric as an anharmonic ratio (for details, see [19]). As such, let
it be supposed that the absoluteness of the space is represented by the quadratic form
Ω(X, Y), where X denotes any vector. The Cayleyan metric is then given by the differential
quadratic form:

−ds2

k2 =
Ω(dX, dX)

Ω(X, X)
− Ω2(X, dX)

Ω2(X, X)
(20)

where Ω(X, Y) is the duplication of Ω(X, Y) and k is a constant connected to the
space curvature.

In the case of the Lobachewski plane, there is:

Ω(X, X) = 1− x2 − y2

Ω(X, dX) = −xdx− ydy
Ω(dX, dX) = −dx2 − dy2

(21)

which yields
−ds2

k2 =
Ω(dX, dX)

Ω(X, X)
− Ω2(X, dX)

Ω2(X, X)
(22)

Performing the coordinate transformation:

x =
hh− 1
hh + 1

, y =
h + h

hh + 1
(23)

the metric (22) becomes the Lobachewski metric:

−ds2

k2 = −4
dhdh(

h− h
)2 (24)

It is possible to observe that the absoluteness 1− x2 − y2 = 0 tends to the straight line
Im h = 0. The straight lines of the Euclidean plane tend to circles with centers located on
the real axis of the complex plane (h).

Now, let it be considered that the complex system dynamics are described by the
variables

(
Y j), for which the following multifractal metric was discovered:

hijdYidY j (25)
in an ambient space of the multifractal metric:

γαβdXαdXβ (26)

In this situation, the field equations of the complex system dynamics are derived from
a variational principle connected to the multifractal Lagrangian:

L = γαβhij
dYidY j

∂Xα∂Xβ
(27)

In the current case, (25) is given by (24), the field multifractal variables being h and h
or, equivalently, the real and imaginary part of h. Therefore, if the variational principle:

δ
∫

L
√

γd3x (28)

is accepted as a starting point where γ =
∣∣γαβ

∣∣, the main purpose of the complex system
dynamics research would be to produce multifractal metrics of the multifractal Lobachewski
plane (or relate to them). In such a context, the multifractal Euler equations corresponding
to the variational principle (31) are:
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(
h− h

)
∇(∇h) = 2(∇h)2(

h− h
)
∇
(
∇h
)
= 2

(
∇h
)2 (29)

which admits the solution:

h =

(
cosh

( χ
2
)
− sinh

( χ
2
))

e−iα(
cosh

( χ
2
)
+ sinh

( χ
2
))

e−iα , α ∈ R (30)

with α real and arbitrary, as long as
( χ

2
)

is the solution of a Laplace-type equation for the
free space, such that∇2( χ

2
)
= 0. For a choice of the form α = 2ωt, in which case a temporal

dependency was introduced in the complex system dynamics, (30) becomes:

h =
i[e2χ sin(2ωt)− sin(2ωt)− 2ieχ]
e2χ[cos(2ωt) + 1]− cos(2ωt) + 1

(31)

We present in Figure 1a,b two distinct self-structuring modes of the polymer–drug
system in the release process: channel-type self-structuring modes in Figure 1a, and cellular-
type self-structuring modes in Figure 1b. In our opinion, the channel-type self-structuring
modes can describe the release process induced by weak interactions between the drug
and matrix, while the cellular-type self-structuring modes can describe the release process
induced by strong interaction between the drug and matrix.
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3. Experimental Design

The mathematical model has been validated on two hydrogels based on chitosan and
2-formylphenylboronic acid, prepared by imination reaction of the two components in
different molar ratios, to give two hydrogels containing 0.071% (coded H0.071) and 0.142%
(coded H0.142) boronic aldehyde [7]. The properties of the hydrogels affecting the drug
release were briefly presented in the Results and Discussions section.

The development of the mathematical model considered the release dynamic of the
aldehyde in the scale space.

4. Results and Discussion

A mathematical model, considering drug release laws in scale space and various
drug release mechanisms (of cellular and channel-type), was developed in order to better
understand the release of the bioactive compounds covalently bonded to chitosan via
reversible imine linkage (Supplementary Materials Figures S1 and S2) [7,20]. The model
has been validated by fitting on the in vitro release curves of two hydrogels prepared by acid
condensation reaction via the formation of reversible imine bonds and the supramolecular
ordering of newly formed imine units (Figure 2a) [7]. The supramolecular architecting
of the hydrogels was confirmed by polarized optical microscopy, which displayed strong
birefringence reminiscent of a banded texture, indicating that the newly formed imine
units bonded to the chitosan formed ordered clusters playing the role of non-classical
crosslinking nodes (Figure 2b) [5,7,21]. The hydrogels had a porous microstructure with
pores diameter around 30 µm and relative thick pore walls of 2–5 µm, suitable for a good
transport of bioactive aldehyde during the release process (Figure 2c) [22,23].
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Figure 2. Representative images of the (a) hydrogels, (b) POM texture, and (c) SEM microstructure.

The hydrogels showed a pH-dependent swelling behavior with a fast swelling in acidic
media of pH = 4.2 characteristic to vaginal media (mass equilibrium swelling (MES) ≈ 27),
a moderate one in neutral medium of pH = 7 (MES ≈ 11), and a low swelling in medium
of pH 7.4 characteristic to the intraperitoneal environment (MES ≈ 2.5). This indicates an
excellent ability of the hydrogels to assure a moisture medium in different parts of the
body characterized by different pH and moreover indicate their propensity to be used
for the treatment of endometriosis by intraperitoneal administration [24]. The hydrogels
showed excellent antifungal activity against the Candida species by killing both planktonic
yeasts and biofilms in 24 h [7]. The in vitro release curves showed that the hydrogel H0.142
released 75% of aldehyde in 24 h, while H0.071 released 98% (Figure 3). Looking at the
release profile of the two samples, it can be seen that there is a burst release in the first four
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hours followed by a progressive release of aldehyde in time, most probably correlated with
the swelling rate. It can be envisioned that the progressive swelling supported the shifting
of the imination equilibrium of the reagents and the diffusion of the released aldehyde.
Thus, the faster sink of the aldehyde from the hydrogel to the release medium assured good
conditions for the release of new aldehyde amounts. This explains the slower release from
the hydrogel containing higher amount of aldehyde, for which the shifting of the imination
to the reagents is hindered by the higher concentration of free aldehyde.
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Figure 3. The in vitro release curves of the bioactive aldehyde from chitosan-based hydrogels (a) and
the multifractal fit of the empirical data (b).

From the fitting of the in vitro release data using the classical drug release model, it is
difficult to deduce with a high degree of trust the mechanism of the drug release, as the
release mechanism is influenced by a high number of factors, especially taking into account
the difference in the spatial and temporal scales at which various aspects of the drug release
process are investigated. The theoretical model developed here can validate through an
adequate calibration of the experimental data and by choosing the constants according to
the particularities of our polymer–drug system. The main characteristic of our model is the
fractalization degree, which, according to some of our previous results, is the main driving
factor behind the individual dynamic of the structural units (for drug release, see [25],
or, for other physical processes such as fibre systems dynamics, see [26]). More precisely,
referring to physical processes, in the previously mentioned papers, various aspects of the
dynamics of complex systems (such as physical processes in complex fluids, in condensed
matter, in quantum mechanics, in nanostructures, in fields theory, etc.) are highlighted.
Taking into account the complexity of such processes, explaining them through the choice
of a convenient fractality degree (i.e., both the scale resolution and the fractal dimension of
the motion curve) entails a “scanning” of the implied dynamics. The calibration process
that can lead to the estimation of the fractalization degree is not a trivial one, as it strongly
depends on the nature of the investigated phenomena. This calibration technique was
previously successfully tested for other physical phenomena, such as plasma oscillations
or the transient dynamics of laser producing plasma translated into fractal movement in
the framework of NSRT, with promising results [27]. We can observe that the model fits
well in both cases; the H0.017 case reaches a high increase slope for small scale moments
of time, while the H0.142 has a lower release rate. The addition of hydrogels containing
boronic aldehyde leads to an increase in the overall fractality degree of the polymer–drug
system by a factor of 3.2 and a decrease in the overall released drug mass by a factor of 1.3
in the saturation region. This understanding of the fractality degree as a measure of the
expansion dynamics and velocity is in line with our view from [1] and expands the vision
already cemented in [17]. The medium becoming of a high degree of fractality results in
the increase in the number of structural units (particles, molecules, clusters, monomers,
etc.) and therefore decreases the energy and kinetic of the system. Different drug–polymer
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configurations will further be tested to expand the horizon of the multifractal model and
to better understand the role of fractality in the biomolecular interaction and various
interaction scales.

5. Perspectives in Infectious Inflammatory Processes

In the following, we want to highlight some possible implications of the bioactive
agent released from imino-chitosan derivatives in some infectious inflammatory processes.

Let us first note that Asherman‘s syndrome (AS) is defined by endometrial damage
and the existence of intrauterine adhesions (IUAs). Many causes may determine fibrotic
tissue replacement within the endometrium and adhesions formation between the uterine
walls, leading to uterine cavity deformation. The most incriminated causes represent me-
chanical trauma, non-traumatic factors (infection, puerperal and postabortal sepsis), fibrosis
imbalance, the increase of cytokines expression, and neovascularization. These explain the
role of inflammation-mediated endometrial injury in both AS and IUAs pathogenesis. It
was found that chronic endometritis (CE) impacts endometrial repair and contributes to
the IUAs recurrence by preserving local hypoxia and increasing inflammation. Therefore,
CE influences matrix metalloproteinases-9 (MMP-9) and tumor growth factor-β1 (TGF-β1)
expression, impairing the homeostasis of the extrauterine matrix and leading to exacerbated
fibrosis [28]. The nuclear factor-kappa B (NF-kB) transcription factor plays an important
role in the pathogenesis of IUA by being considered a critical regulatory pathway that
manages the production of cytokines and cell survival. The activation of the NF kB signal-
ing pathway may increase the expression of TGF-β and later the expression of connective
tissue growth factor (CTGF/CCN2), finally leading to adhesiogenesis by fibrotic processes
promotion [29,30]. The role of the ADAM family of proteins in intrauterine adhesiogenesis
is already known. Normally, the ADAM family disintegrates the extracellular matrix (ECM)
anchoring proteins that are physiologically regulated, but, in AS, a high expression of
ADAM-15 and ADAM-17 was found within the endometrium, which reveals its implica-
tion in adhesions formation. Moreover, other factors may contribute to IUAs genesis, such
as the imbalance between TGF β1 and small mother against decapentaplegic 3 (SMAD3)
signaling (abnormally upregulated) and SMAD7 signaling (downregulated) [31].

Chronic endometritis is usually presented as an asymptomatic inflammatory pathol-
ogy of the endometrium. During the reproductive cycle, the structure of the endometrium
is significantly changed, preserving a relatively unmodified environment. Still, the en-
dometrium presents susceptibility to various fungal and bacterial agents that may deter-
mine chronic endometritis and later create the perfect inflammation-mediated endometrial
injury environment for IUA formation. The endometritis features are inflammation, tissue
impairment, and necrosis, which are developed and maintained under the expression of
inflammatory mediators such as prostaglandin E2 (PGE2), nitric oxide (NO), interleukin-1β
(IL-1β), interleukin-6 (IL-6), interleukin-8 (IL-8), and damage-associated molecular patterns
(DAMPs). On the other side, MMPs have been correlated with endometrial remodeling,
but the mechanisms beyond are still poorly understood [32]. It is suggested that patients
with IUAs complicated with CE present a negative impact of steady-state imbalance of
endometrial fibrosis and exacerbate endometrial fibrosis, an endometrial environment that
promotes the formation and recurrence of IUA, affecting endometrial receptivity with great
negative impact on the patient’s fertility.

Animal studies have proved chitosan antibacterial and antifungal properties, as well
as anti-adhesion and hemostasis features, suggesting its potential to decrease inflamma-
tion and fibrosis in endometrial tissue, making it a possible alternative for traditional
antibiotics [33,34]. Moreover, its advantage has been reported in the vaccine against Cox-
sackievirus B3 (CVB3)-induced myocarditis. Coxsackievirus B3 infection represents one of
the most frequent causes of viral myocarditis that has no available vaccine. Chitosan-p high
mobility group box1 (HMGB1 or amphoterin) coimmunization raises the level of CVB3-
specific fecal secretory immunoglobulin A (SigA), enhances mucosal T cell proliferation
and IFN-γ-secreting cell production, and provides higher anti-viral protection compared
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to the control group. The capacity of pHMGB1 to recruit and stimulate the maturation of
dendritic cells may increase the immunity of the chitosan-pHMGB1 complex, leading to
enhanced mucosal immune responses as well as alleviating viral myocarditis [35]. Chai
et al. (2014) have shown that using the cytosolic DNA sensor AIM2 as a mucosal auxiliary
may increase the immunogenicity of chitosan-pVP1 DNA vaccine and mucosal immune
response to offer great protection against the virus [36].

6. Conclusions

A multifractal theoretical model of drug release dynamics in scale space was devel-
oped and validated by fitting on the in vitro release curves of an antimicrobial aldehyde
covalently bonded to chitosan via imine linkages to form hydrogels. This model is an
extension of our previous results, published in [20]. In addition to our findings from [20],
we have obtained conservation laws in scale space and also specified the types of drug
release mechanisms.

This system has been particularly interesting due to its properties, such as controlled
release of the antimicrobial agent triggered by the imine reversibility and strong antimicro-
bial activity against planktonic yeasts and biofilms, which indicate these systems as suitable
for application in the treatment of chronic inflammations, those affecting the endometrial
receptivity that may impact the reproductive prognosis being especially envisaged.

The fitting of the new developed model demonstrated that the hydrogels containing
the antimicrobial aldehyde leads to an increase in the overall fractality degree of the
polymer–drug system by a factor of 3.2 and a decrease in the overall released drug mass
by a factor of 1.3 in the saturation region. The successful application of the model to this
particular system encourages its further application to other systems in which a bioactive
compound is bonded to the chitosan via reversible imine linkage.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14091848/s1, Figure S1: Schematic representation of the
synthesis of studied hydrogels, highlighting the imine units and the organization of the imine-
chitosan chains to form the hydrogel; Figure S2: FTIR spectra of chitosan (magenta), H0.071 (cyan)
and H0.142 (red), proving the occurrence of imine units in hydrogels by characteristic vibration band
at 1623 cm−1.

Author Contributions: Conceptualization, L.H. and M.A.; methodology, B.T.; software, D.V.; vali-
dation, M.A., R.S. and V.O.; formal analysis, V.O.; investigation, E.A.; resources, V.G.; data curation,
O.P.; writing—original draft preparation, L.H.; writing—review and editing, V.G.; visualization, V.O.;
supervision, B.T.; project administration, L.O.; funding acquisition, R.S. All authors have read and
agreed to the published version of the manuscript.

Funding: This study was partially funded by Medist Imaging & P.O.C. LLC, Romania.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The research data used to support the findings of this study are
included within the article.

Conflicts of Interest: All authors declare no conflict of interest.

References
1. Wu, Y.; Rashidpour, A.; Almajano, M.P.; Meton, I. Chitosan-Based Drug Delivery System: Applications in Fish Biotechnology.

Polymers 2020, 12, 1177. [CrossRef] [PubMed]
2. Marin, L.; Ailincai, D.; Mares, M.; Paslaru, E.; Cristea, M.; Nica, V.; Simionescu, B.C. Imino-chitosan biopolymeric films. Obtaining,

self-assembling, surface and antimicrobial properties. Carbohydr. Polym. 2015, 117, 762–770. [CrossRef] [PubMed]
3. Chen, S.; Wu, M.; Wang, C.; Yan, S.; Lu, P.; Wang, S. Developed Chitosan/Oregano Essential Oil Biocomposite Packaging Film

Enhanced by Cellulose Nanofibril. Polymers 2020, 12, 1780. [CrossRef]

https://www.mdpi.com/article/10.3390/polym14091848/s1
https://www.mdpi.com/article/10.3390/polym14091848/s1
http://doi.org/10.3390/polym12051177
http://www.ncbi.nlm.nih.gov/pubmed/32455572
http://doi.org/10.1016/j.carbpol.2014.10.050
http://www.ncbi.nlm.nih.gov/pubmed/25498698
http://doi.org/10.3390/polym12081780


Polymers 2022, 14, 1848 11 of 12

4. Fauzi, N.I.M.; Fen, Y.W.; Omar, N.A.S.; Saleviter, S.; Daniyal, W.M.E.M.M.; Hashim, H.S.; Nasrullah, M. Nanostructured chi-
tosan/maghemite composites thin film for potential optical detection of mercury ion by surface plasmon resonance investigation.
Polymers 2020, 12, 1497. [CrossRef] [PubMed]

5. Craciun, A.M.; Mititelu-Tartau, L.; Gavril, G.; Marin, L. Chitosan crosslinking with pyridoxal 5-phosphate vitamer toward
biocompatible hydrogels for in vivo applications. Int. J. Biol. Macromol. 2021, 193, 1734–1743. [CrossRef] [PubMed]

6. Kuen, C.Y.; Galen, T.; Fakurazi, S.; Othman, S.S.; Masarudin, M.J. Increased cytotoxic efficacy of protocatechuic acid in A549
human lung cancer delivered via hydrophobically modified-chitosan nanoparticles as an anticancer modality. Polymers 2020,
12, 1951. [CrossRef] [PubMed]

7. Ailincai, D.; Marin, L.; Morariu, S.; Mares, M.; Bostanaru, A.C.; Pinteala, M.; Simionescu, B.C.; Barboiu, M. Dual
crosslinkediminoboronate-chitosan hydrogels with strong antifungal activity against Candida planktonic yeasts and biofilms.
Carbohydr. Polym. 2016, 152, 306–316. [CrossRef]

8. Anisiei, A.; Rosca, I.; Sandu, A.-I.; Bele, A.; Cheng, X.; Marin, L. Imination of Microporous Chitosan Fibers—A Route to
Biomaterials with “On Demand” Antimicrobial Activity and Biodegradation for Wound Dressings. Pharmaceutics 2022, 14, 117.
[CrossRef]

9. Zhu, Y.; Long, H.; Zhang, W. Imine-Linked Porous Polymer Frameworks with High Small Gas (H2, CO2, CH4, C2H2) Uptake and
CO2/N2 Selectivity. Chem. Mater. 2013, 25, 1630–1635. [CrossRef]

10. Pusca, S.; Paun, M.A.; Toma, C. Viscoelastic behaviour analysis of the technical polymers by bidimensional pulses generation.
Mater. Plast. 2007, 44, 39–42.

11. Xiong, S.; Duan, L.; Cheng, X. Fluorescent chitosan hydrogel for highly and selectively sensing of p-nitrophenol and
2,4,6-trinitrophenol. Carbohydr. Polym. 2019, 225, 115253. [CrossRef] [PubMed]

12. Tiwari, G.; Tiwari, R.; Sriwastawa, B.; Bhati, L.; Pandey, S.; Pandey, P.; Bannerjee, S.K. Drug delivery systems: An updated review.
Int. J. Pharm. Investig. 2012, 2, 2–11. [CrossRef] [PubMed]

13. Patra, J.K.; Das, G.; Fraceto, L.F.; Campos, E.V.R.; Rodriguez-Torres, M.D.P.; Acosta-Torres, L.S.; Diaz-Torres, L.A.; Grillo, R.;
Swamy, M.K.; Sharma, S.; et al. Nano based drug delivery systems: Recent developments and future perspectives.
J. Nanobiotechnol. 2018, 16, 71. [CrossRef] [PubMed]

14. Fisher, O.Z.; Khademhosseini, A.; Pepas, N.A. Drug delivery: Nanoscale devices. In Encyclopedia of Materials: Science and
Technology, 2nd ed.; Elsevier: Amsterdam, The Netherlands, 2010; pp. 1–9.

15. Pepas, N.A.; Brannon-Peppas, L. Drug Delivery Biomaterials. In Encyclopedia of Materials: Science and Technology, 2nd ed.; Elsevier:
Amsterdam, The Netherlands, 2001; pp. 196–207.

16. Kosmidis, K.; Ardyrakis, P.; Macheras, P. Fractal kinetics in drug release from finite matrices. J. Chem. Phys. 2003, 119, 6373–6377.
[CrossRef]

17. Ailincai, D.; Agop, M.; Marinas, I.C.; Zala, A.; Irimiciuc, S.A.; Dobreci, L.; Petrescu, T.-C.; Volovat, C. Theoretical model for the
diclofenac release from PEGylated chitosan hydrogels. Drug Deliv. 2021, 28, 261–271. [CrossRef] [PubMed]

18. Nottale, L. Scale Relativity and Fractal Space-Time: A New Approach to Unifying Relativity and Quantum Mechanics; Imperial College
Press: London, UK, 2011.

19. Merches, I.; Agop, M. Differentiability and Fractality in Dynamics of Physical Systems; World Scientific: Singapore, 2016.
20. Marin, L.; Popa, M.; Anisiei, A.; Irimiciuc, S.-A.; Agop, M.; Petrescu, T.-C.; Vasincu, D.; Himiniuc, L. A Theoretical Model for

Release Dynamics of an Antifungal Agent Covalently Bonded to the Chitosan. Molecules 2021, 26, 2089. [CrossRef]
21. Marin, L.; Destri, S.; Porzio, W.; Bertini, F. Synthesis and characterization of new azomethine derivatives exhibiting liquid

crystalline properties. Liq. Cryst. 2009, 36, 21–32. [CrossRef]
22. Olaru, A.M.; Marin, L.; Morariu, S.; Pricope, G.; Pinteala, M.; Tartau-Mititelu, L. Biocompatible chitosan-based hydrogels for

potential application in local tumour therapy. Carbohydr. Polym. 2018, 179, 59–70. [CrossRef]
23. Craciun, A.M.; Tartau, L.; Pinteala, M.; Marin, L. Nitrosalicyl-imine-chitosan hydrogels based drug delivery systems for long

term sustained release in local therapy. J. Colloid Interface Sci. 2019, 536, 196–207. [CrossRef]
24. Ailincai, D.; Mititelu-Tartau, L.; Marin, L. Citryl-imine-PEG-ylated chitosan hydrogels—Promising materials for drug delivery

applications. Int. J. Biol. Macromol. 2020, 162, 1323–1337. [CrossRef]
25. Spampinato, C.; Leonardi, D. Candida Infections, Causes, Targets, and Resistance Mechanisms: Traditional and Alternative

Antifungal Agents. Biomed Res. Int. 2013, 2013, 204237. [CrossRef] [PubMed]
26. Paun, M.A.; Avanaki, M.R.N.; Dobre, G.; Hojjat, A.; Podoleanu, A.G. Wavefront aberration correction in single mode fibre systems.

J. Optoelectron. Adv. Mater. 2009, 11, 1681–1685.
27. Irimiciuc, S.A.; Hodoroaba, B.C.; Bulai, G.; Gurlui, S.; Craciun, V. Multiple structure formation and molecule dynamics in transient

plasmas generated by laser ablation of graphite. Spectrochim. Part B At. Spectrosc. 2020, 165, 105774. [CrossRef]
28. Liu, L.; Yang, H.; Guo, Y.; Yang, G.; Chen, Y. The impact of chronic endometritis on endometrial fibrosis and reproductive

prognosis in patients with moderate and severe intrauterine adhesions: A prospective cohort study. Fertil. Steril. 2019, 111,
1002–1010.e2. [CrossRef] [PubMed]

29. Polishuk, W.Z.; Anteby, S.O.; Weinstein, D. Puerperal endometritis and intrauterine adhesions. Int. Surg. 1975, 60, 418–420.
[PubMed]

30. Xue, X.; Chen, Q.; Zhao, G.; Zhao, J.Y.; Duan, Z.; Zheng, P.S. The overexpression of TGF-B and CCN2 in intrauterine adhesion
involves the NF-kB signaling pathway. Public Libr. Sci. One 2015, 10, e0146159.

http://doi.org/10.3390/polym12071497
http://www.ncbi.nlm.nih.gov/pubmed/32635555
http://doi.org/10.1016/j.ijbiomac.2021.10.228
http://www.ncbi.nlm.nih.gov/pubmed/34785198
http://doi.org/10.3390/polym12091951
http://www.ncbi.nlm.nih.gov/pubmed/32872307
http://doi.org/10.1016/j.carbpol.2016.07.007
http://doi.org/10.3390/pharmaceutics14010117
http://doi.org/10.1021/cm400019f
http://doi.org/10.1016/j.carbpol.2019.115253
http://www.ncbi.nlm.nih.gov/pubmed/31521279
http://doi.org/10.4103/2230-973X.96920
http://www.ncbi.nlm.nih.gov/pubmed/23071954
http://doi.org/10.1186/s12951-018-0392-8
http://www.ncbi.nlm.nih.gov/pubmed/30231877
http://doi.org/10.1063/1.1603731
http://doi.org/10.1080/10717544.2021.1876181
http://www.ncbi.nlm.nih.gov/pubmed/33501878
http://doi.org/10.3390/molecules26072089
http://doi.org/10.1080/02678290802638423
http://doi.org/10.1016/j.carbpol.2017.09.066
http://doi.org/10.1016/j.jcis.2018.10.048
http://doi.org/10.1016/j.ijbiomac.2020.06.218
http://doi.org/10.1155/2013/204237
http://www.ncbi.nlm.nih.gov/pubmed/23878798
http://doi.org/10.1016/j.sab.2020.105774
http://doi.org/10.1016/j.fertnstert.2019.01.006
http://www.ncbi.nlm.nih.gov/pubmed/30922643
http://www.ncbi.nlm.nih.gov/pubmed/1158622


Polymers 2022, 14, 1848 12 of 12

31. Santamaria, X.; Isaacson, K.; Simon, C. Asherman‘s Syndrome: It may not be all our fault. Hum. Reprod. 2018, 33, 1374–1380.
[CrossRef]

32. Li, T.; Liu, B.; Mao, W.; Gao, R.; Wu, J.; Deng, Y.; Shen, Y.; Liu, K.; Cao, J. Prostaglandin E2 promotes nitric oxide synthase 2,
platelet-activating factor receptor, and matrix metalloproteinase-2 expression in Esherichia coli- challenged ex vivo endometrial
explants via the prostaglandin E2 receptor 4/protein kinase a signaling pathway. Theriogenology 2019, 134, 65–73.

33. Galvão, K.N.; de Oliveira, E.B.; Cunha, F.; Daetz, R.; Jones, K.; Ma, Z.; Jeong, K.C.; Bicalho, R.C.; Higgins, C.H.; Rodrigues, M.X.;
et al. Effect of chitosan microparticles on the uterine microbiome of dairy cows with metritis. Appl. Environ. Microbiol. 2020,
86, e01066-20. [CrossRef]

34. Wenbo, Q.; Lijian, X.; Shuangdan, Z.; Jiahua, Z.; Yanpeng, T.; Xuejun, Q.; Xianghua, H.; Jingkun, Z. Controlled releasing of SDF-1
α in chitosan-heparin hydrogel for endometrium injury healing in rat model. Int. J. Biol. Macromol. 2020, 143, 163–172. [CrossRef]

35. Wang, M.; Yue, Y.; Dong, C.; Li, X.; Xu, W.; Xiong, S. Mucosal immunization with high-mobility group box 1 in chitosan enhances
DNA vaccine-induced protection against Coxsackievirus B3-induced myocarditis. Clin. Vaccine Immunol. 2013, 20, 1743–1751.
[CrossRef] [PubMed]

36. Chai, D.; Yue, Y.; Xu, W.; Dong, C.; Xiong, S. Mucosal co-immunization with AIM2 enhances protective SIgA response and in-
creases prophylactic efficacy of chitosan-DNA vaccine against Coxsackievirus B3-induced myocarditis. Hum. Vaccines Immunother.
2014, 10, 1284–1294. [CrossRef] [PubMed]

http://doi.org/10.1093/humrep/dey232
http://doi.org/10.1128/AEM.01066-20
http://doi.org/10.1016/j.ijbiomac.2019.11.184
http://doi.org/10.1128/CVI.00466-13
http://www.ncbi.nlm.nih.gov/pubmed/24027262
http://doi.org/10.4161/hv.28333
http://www.ncbi.nlm.nih.gov/pubmed/24614684

	Introduction 
	Theoretical Design 
	Scale Space and Drug Release Laws 
	Scale Space and Drug Release Mechanisms 

	Experimental Design 
	Results and Discussion 
	Perspectives in Infectious Inflammatory Processes 
	Conclusions 
	References

