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Cervical cancer represents a major health problem among females due to its increased mortality rate. The conventional therapies
are very aggressive and unsatisfactory when it comes to survival rate, especially in terminal stages, which requires the development
of new treatment alternatives. With the use of nanotechnology, various chemotherapeutic drugs can be transported via
nanocarriers directly to cervical cancerous cells, thus skipping the hepatic first-pass effect and decreasing the rate of
chemotherapy side effects. This review comprises various drug delivery systems that were applied in cervical cancer, such as
lipid-based nanocarriers, polymeric and dendrimeric nanoparticles, carbon-based nanoparticles, metallic nanoparticles,
inorganic nanoparticles, micellar nanocarriers, and protein and polysaccharide nanoparticles. Nanoparticles have a great
therapeutic potential by increasing the pharmacological activity, drug solubility, and bioavailability. Through their mechanisms,
they highly increase the toxicity in the targeted cervical tumor cells or tissues by linking to specific ligands. In addition, a
nondifferentiable model is proposed through holographic implementation in the dynamics of drug delivery dynamics. As any
hologram functions as a deep learning process, the artificial intelligence can be proposed as a new analyzing method in cervical
cancer.
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1. Introduction

Cervical cancer (CC) represents nowadays a serious medical
challenge despite the early efforts to diagnosis and treat-
ment. One of the most common causes of precancerous cer-
vical lesions represents the persistent infection of the cervix
with “high risk” genotypes of Human papillomavirus
(HPV). If the continuous infection is not early treated in
time, it can determine invasive CC [1]. Other factors such
as immunosuppression, parity, smoking, and use of oral
contraceptives may also contribute to CC promotion [2].
Cervical cancer-related mortality represents worldwide the
fourth leading cause and the most often diagnosed cancer
in females among 23 countries. In 2020, the global estimated
number of new CC cases reached 604,000. On the other
hand, 342,000 females died because of CC and most of them
represented women from low- and middle-income coun-
tries. Still, available large-scale screening methods, the raise
of socioeconomic status in different regions, and the reduc-
tion of HPV persistent infection risks within population
have decreased over the last decades the incidence and mor-
tality rates related to CC [3].

Since it was found that HPV is necessary but not suffi-
cient to develop CC, more than 100 types of HPV have been
studied, and a significant number of them have been incrim-
inated to play an important role in the cancer pathogenesis
[3]. Human papillomavirus is a nonenveloped double-
stranded DNA virus, which present a high affinity to the
mucosa or the skin. The high-risk HPV (Hr-HPV) geno-
types, such as HPV 16, 18, 31, 33, 35, 39, 45, 51, 52, 56,
58, 59, 66, 68, and 70 are associated with mucosal infection
and may slowly progress into intraepithelial neoplasia, and
further, into invasive cancer. Contrariwise, the low-risk
HPV (Lr-HPV) types such as 6, 11, 42, 43, and 44 often
determine benign cutaneous lesions like warts and are not
usually associated with malignant lesions. The mature
HPV particle has a size of 50-60 nm and consists of around
8000 bp genome that comprises an icosahedral capsid and
various core genes involved in replication and transcription
(E1, E2), packaging (L1, L2), or which have various roles
such as stimulating the cell cycle entrance, viral immunity
avoidance or viral release and transmission (E4, E5, E6,
E7) [4, 5].

The development of HPV-infected epithelial cells to
invasive cancer is a lasting progress linked to the assembling
of the DNA changes inside the host cell genes [4]. Human
papillomavirus cycle starts with the microtraumas of the
basal layer and its HPV infection that impair the epithelial
barrier. When the epithelial cells start their differentiation,
an increased number of viral copies replicates and expresses
L1 and L2 core genes, creating new virions that are launched
from the epithelial layer. For persistent HPV infection, the
virus needs to affect the basal layer cells showing stem cell-
like characteristics with capacity of proliferation. Human
papillomavirus oncoproteins, mainly the E5, E6, and E7
genes, incorporate DNA viral genes inside the host (human),
DNA, developing into a malignant form and leading to
tumor growth. These proteins increase cell proliferation
and decrease apoptosis by corrupting various intracellular

signaling pathways such as the degradation of p53 and
pRB tumor suppressors, alteration of cell cycle regulation,
p16 overexpression, driving the S-phase reentry in the upper
epithelial layers or apoptosis resistance. The overexpression
of E6/E7 core genes represents an essential key that have
an impact on tumor suppressor genes, especially those that
regulate the cell cycle [5–7].

Low-risk HPV types do not stimulate cell proliferation
and the role of E6 and E7 proteins is uncertain in infected
basal layer cells because are not usually related to invasive
cancer. In benign HPV infections, the HPV DNA accesses
the cellular nucleus but is localized extrachromosomally,
compared to invasive cancers where the viral DNA inte-
grates inside the host genome. Regarding Lr-HPV types,
the role of wound healing response in determining the initial
proliferation of the HPV infected cell is believed to be cru-
cial. Understanding the altered molecular mechanisms,
which occur during the development of HPV infection to
cervical intraepithelial neoplasia and invasive cervical can-
cer, offers a better comprehension of the various pathways
involved and inspires the new development of targeted treat-
ment via nanotechnology [5, 6, 8, 9].

The implementation of screening programs for cervical
cancer among females brought an enormous positive impact
in the early diagnosis and treatment. The screening tests
comprise cytology test and HPV detection, which are able
to detect the premalignant lesions and the serotypes of
HPV. Moreover, three anti-HPV vaccines have been pro-
duced against some of the HPV types in order to decrease
the incidence and prevalence of HPV still, they could not
entirely remove the condition. These vaccines create anti-
bodies for HPV serotypes 16 (the monovalent vaccine), 16,
18 and 6, 11, 16, 18, respectively [10].

Since this condition represents a wide health problem
due to its increase mortality and morbidity, various treat-
ments have been developed according to the cancer staging.
In the initial stage, surgical treatment or radiotherapy is very
effective. For terminal stages, guidelines recommend chemo-
therapy, radiotherapy, immunotherapy, and targeted ther-
apy [11]. Chemotherapeutics drugs such as DNA-
interactive agents and antimetabolites are usually combined
with various cytotoxic drugs in order to increase the control
efficacy. Chemotherapy, frequently associated with other
therapies like radiotherapy or surgery, is indicated for cura-
tive purpose, in order to extend the patient’s life or to allevi-
ate pain symptoms of terminal stage patients. Unfortunately,
none of the treatment leads to adequate results and their fail-
ure is due to the side effects and resistance mechanisms that
most of the anticancer drugs carry. The common limitations
of chemotherapies represent low solubility in water due to
their hydrophobic character, lack of selectivity of cancerous
cells that can induce a huge damage to normal cells also,
and the potential to develop multidrug resistance [6, 7, 11].
Conventional chemotherapy used in cervical cancer has its
limitations. Most of the agents are extracted and produced
artificially from plants, and this causes low water solubility.
The need to use different solvents to form the correct dose
of chemotherapy enhances their toxicity. Another issue rep-
resents the potential for early damage of normal cells, apart
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from cancerous cells, due to their low selectivity. Moreover,
the multidrug resistance effect can impair the drug delivery
outside the cell by increasing the efflux pumps in the cell
membrane. However, all these restrictions could be over-
come by using nanotechnology via drug delivery systems.
Nanotechnology represents the procedure of creating nano-
materials (nanoparticles, nanosheets, nanotubes, or nano-
rods) at the molecular and atomic stage, with sizes that go
from 1 to 100nm, and constitutes a promising approach to
treat different types of cancers [6, 11].

Nanoscale size drugs represent the state of the art in the
area of nanoparticle applications because of their amazing
capacity to change important properties of drugs. The
advantages of nanocarriers in cervical cancer therapy are
that they can refine water solubility, agent delivery profile
and diffusion, immunogenicity, and bioavailability, making
them suitable for two delivery pathways: self-delivery and
passive delivery. In the former, the delivery time is very
important as the chemotherapeutic agent combines to the
structure matter of nanocarriers in order to be easily
released; otherwise, the agent will not contact the target
and it will be rapidly dissociated from the carrier. In what
regards the later, the agent encapsulates inside the nanocar-
rier due to the hydrophobic effect and will be release to the
targeted site [6, 12–15]. Various treatment methods devel-
oped through nanotechnology can improve life quality and
duration for patients with cervical cancer (Figure 1). Nano-
materials’ ability to accumulate at the site of the tumor more
than in normal cells, via a passive targeting action called the
enhanced permeability and retention (EPR) effect, can
improve the efficacy of the drugs, by decreasing the systemic
side effects that are conventionally present. Moreover, their
protective role of agents that usually degrade inside the body
via different biochemical reactions and increase drug bio-
availability and life. Another advantage is the possibility to
combine different drugs as the nanocarrier can transport
several types of agents, enhancing the potential of treatment
[6, 13–16].

Among the conventional chemotherapy drugs, cisplatin
presents the best response in cervical cancer treatment,
being the first choice in therapeutic protocols. Cisplatin
determines apoptosis of the cancer cell and deactivates its
function when it binds and crosslinks with tumor DNA.
However, this drug has its own limitations when side effects
(neutropenia, thrombocytopenia, neurotoxicity, nephrotox-
icity, or hematological toxicity) or tumor resistance occur.
Various nanocarriers reduced the side effects of the drug
and increase treatment feasibility and efficacy [18–22]. Pac-
litaxel is a chemotherapeutic drug that is widely used in
human cancers, but just like cisplatin, its clinical applica-
tions are limited by drug resistance development due to var-
ious factors and dose-limiting toxicity [20, 23]. Both in vitro
and in vivo studies show that curcumin increases paclitaxel-
induced cytotoxicity by the downregulation of Akt pathways
and nuclear factor-kB (NF-κB) and enhances its efficiency in
cervical cancer [23, 24].

Methotrexate (MTX) proved to be efficient in various
types of tumors. This drug is an inhibitor of dihydrofolate
reductase that lowers the reversal of dihydrofolate into tetra-

hydrofolate, which is an important key for the synthesis of
DNA and RNA. A study has shown that in combination
with chitosan or methoxypoly nanoparticles it is more effi-
cient in tumor growth inhibition and proliferation [25].

Different nanoparticles have been developed to carry
multiple drugs at the same time in order to increase treat-
ment efficacy. Therefore, an in vitro study reveals that d-α-
tocopheryl polyethylene glycol 1000 succinate-b-poly(ε-
caprolactone-ranglycolide) (TPGS-b-(PCL-ran-PGA))
nanoparticles loaded with docetaxel and endostatin reduce
the viability of HeLa cells and hinder the tumor growth in
a xenograft model [26]. Various studies demonstrate that
nanoparticles have the great potential to simultaneously
carry and deliver multiple drugs [27–29], photosensitizing
molecules [30–32], genetic molecules [33], and protein,
enhancing the efficacy of treatment (Figure 1).

2. Drug Delivery Systems

Drug delivery systems represent the novel pathways of drug
administration that target specific situses inside the organ-
ism, in order to decrease overall toxicity and enhance bio-
availability. Each drug delivery system has unique features
such as physical, chemical, and morphological varieties.
Moreover, particular chemical or physical interactions make
them compatible with varied agent polarities. According to
the type of administration, drug delivery systems are sys-
temic and localized. Therefore, the systemic drug delivery
pathways employ nanoparticles such as dendrimers, lipo-
somes, and micelles, with specific characteristics on their
surfaces that help to localize the desired situs (Figure 2) [6,
34].

Their intended role is to decrease the frequency and dos-
age of the agent, the systemic side effects due to their specific
target, and the oscillations of drug concentration inside the
body. The target specificity is achieved by nanocarrier conju-
gation to a variety of ligands with great affinity for the dam-
aged cell sites such as tumor cells. Hence, the nanoparticles
can encapsulate the drugs or molecules inside their structure
and/or can engross the drug or molecule in the external sur-
face. On the other side, the localized delivery pathways
release outright the drug to the tumor site, limiting the drug
systemic toxicity (Figure 3). The delivery system is placed
near the cancer site or directly on the tumor, which is suit-
able for cervical cancer treatment [35–37].

3. Nanoparticles Used for Drug
Delivery Systems

Nanoparticles applied in drug delivery systems present vari-
ous advantages compared to the conventional therapy for
cervical cancer. Their size is below 1000nm so they can go
through the tiniest vessels and bypass the phagocytes’ rapid
clearance in order to last longer in the bloodstream. In addi-
tion, they easily enter cells or tissues to reach targeted organs
such as the cervix, liver, spleen, or others. Because of their
biodegradability, heat sensitivity of structures, and pH, they
possess controlled-release attributes which make them capa-
ble for drug or molecule delivery [6].
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3.1. Lipid-Based Nanocarriers. Lipid nanocarriers are usually
synthetized from phospholipids, triglycerides, or cholesterol,
and they enhance drug solubility, encapsulation, and deliv-
ery, thus raising chemotherapy absorption. Beside lipid
nanocarriers, other organic nanoparticles are liposomes,
solid lipid nanoparticles (SLN), and nanostructured lipid
carriers (NLC) [38, 39]. Liposomes were firstly found in
1960 by Alec Bangham and are probably the most studied
among nanoparticles [40, 41]. A main advantage of lipo-
somes is that they are able to deliver both hydrophilic and
hydrophobic drugs, such as phytochemicals, chemothera-
peutic particles, and immune-cytokines in order to reach
the cancer cells. Recent studies, have shown their efficient
applicability in cervical cancer when combined with cis-
platin (lipoplatin), paclitaxel, interleukin 2 (IL-2), and cur-

cumin. When loaded with liposomes nanoparticles increase
drug stability, bioavailability, and tumor cell absorption
[18, 24, 42, 43].

Solid lipid nanoparticles are advantageous because they
raise drug solubility and reduce the dose of drug. Moreover,
SLNs enhance drug stability by its lipid matrix that has the
role to secure the components that are chemically instable
and supply the attachment and incorporation inside the can-
cerous cell [39]. Nevertheless, SLN presents a decreased
loading volume of the drug and rapid expulsion of the drug
through its depositing [44]. Colloidal drug carrier systems as
nanostructured lipid carriers are formed by a mix of liquid
and solid lipids which makes them good candidates for drug
delivery. They potentiate the bioavailability of compounds
with low solubility, protect susceptible active agents, and

HPV
persistent
infection

Cervical
cells

Cervical
cancer cells

Chemotherapy
Chemotherapy – loaded nanoparticles

increase efficacy and decrease side effects

Photodynamic therapy
Non-toxic light-sensitive compounds to produce reactive
species into selective lighting that respond to biological

Gene therapy
DNA/RNA loaded

nanoparticles to affect cancer
cell survival

Combination therapy
Co-delivery of two or more

anti-cancer drugs

Targeting apoptosis – pathways

(ii) Extrinsic: p53
Apaf-1

Mito (Bax/Bcl-2) Cyt c
Caspase 3Caspase 9 Apoptosis

cancer cells apoptosiscompoud

(i) Intrinsic: FasL, TRAIL, TNF Death receptor
Caspase 8 Caspase 3 Apoptosis

Figure 1: Nanotechnology application in the treatment of cervical cancer (modified after Chen et al. [17]). HPV: human papilloma virus.

Bionanoparticle

Chemotherapic
agent

Drug–BioNP
complex

I. Drug loading
Bio-NP

II. Drug-BioNP
complex
delivery

III. Drug release
inside the

cancerous cell

Intracellular uptake of
drug–BioNP complex

Cervical tumor cell
apoptosis

Bio-NP Bio-NP

Figure 2: Systemic drug delivery system in cervical cancer; Bio-NP: bionanoparticles.
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ease the directed delivery of the drug [45, 46]. Zhang et al.
used both in HeLa cells and mouse cervical cancer models,
folic acid (FA) modified, cisplatin- (CIS-) loaded nanostruc-
tured lipid carriers (NLCs) for cervical cancer chemother-
apy, showing its efficacy in selective release in tumor cells
that highly express FA receptors. Moreover, the FA-CIS-
NLC-targeted transfer CIS to cancer cell increases its antitu-
mor power [47].

3.2. Polymeric and Dendrimeric Nanoparticles. Polymeric
nanoparticles are biocompatible structures that have a great
preservation for chemical or enzyme-catalyzed degradation,
penetration capacity, and controlled release inside the can-
cerous cell. They are capable to load antibodies, DNA or
RNA, allowing particular interaction in the individual tar-
gets [48–50]. The drug delivery is easily directed by the deg-
radation rate of nanopolymers, making it simpler to control.
The degradation products have no toxicity, and absorbable
parts metabolize with no need of surgical removal interven-
tion, once the agent delivery is depleted [51]. Various deriv-
atives of poly(lactide-co-glycolide) (PGLA) loaded with
docetaxel, in both in vitro and in vivo cervical cancer treat-
ment, showed good delivery control and sustainability and
revealed a higher efficiency of cellular uptake and antitumor
ability [26, 52, 53]. When combined with polymeric nano-
particle and drug, the folate receptor acts as a feasible target
on cervical cancer cells, due to its high expression [54, 55].
Studies showed that FA conjugated with chitosan [56],
chitosan-coated PLGA nanocarriers [57], gelatin [54], and
L-tyrosine-polyphosphate [58] and filled with selenocystine,
carboplatin, cisplatin, and silver carbene complex present a
10-fold higher specificity of drug compared with the control.

The structure of dendrimers enables the fastening and
presentation of antigen molecules on their extremity, mak-
ing them multifunctional. Merkuria et al. show that
doxorubicin-loaded dendrimers garnished with IL-6 anti-
bodies display greater cellular incorporation and decrease
the value of IC50. Moreover, it raises the drug loading rate
and drug discharge rate and has a higher cytotoxicity when
compared with RGD (arginyl-glycyl-aspartic acid) peptide-
conjugated in HeLa cervical cancer cells [59].

3.3. Carbon-Based Nanoparticles. Carbon-based nanotubes
have been extensively studied since 1990 and are attractive
nanoparticles in increasing the pharmacological profile of
various diagnosis and therapeutic agents. Nowadays, they
divide into single-walled carbon nanotubes (SWCNT) and
multiple-walled carbon nanotubes (MWCNT), each with
different characteristics. They brought great contribution in
imaging and drug delivery, due to their thermal, mechanical,
and electrical features [60, 61]. The photothermic treatment
of solid tumors using SWCNT enhanced by near-infrared
light (NIR) determine a noninvasive cell death, without nox-
ious side effect. The efficiency of SWCNT and MWCNT was
proven in the treatment and early diagnosis of cervical can-
cer, but even if they are very promising, there are still some
issues regarding toxicity and biocompatibility due to the lack
of selectivity for these treatments [59, 62].

3.4. Metallic Nanoparticles (MNP). The synthesis of MNP
(gold, silver, iron oxide, and silica) is achieved by chemical
and physical procedures. Compared to other nanoparticles,
gold and silver nanocarriers possess a particular feature,
called the surface plasmon resonance (SPR), which makes
the cellular surface functionality more versatile and biocom-
patible. There are still doubts regarding their toxicity related
to the ionized or the particulate structure. Two mechanisms
were proposed, the transcytosis and paracellular conveyance,
but the in vivo carriage and the absorption process are still
unclear [63, 64]. However, gold nanoparticle- (AuNP-)
loaded gallic acid (GA) slows down tumor cells proliferation
by causing cellular apoptosis in CaSki or HeLa cell cultures,
compared to free GA. Surprisingly, a high dose of AuNPs-
GA (150μM) complex did not affect the normal cervical
cells, compared to the GA group. Therefore, the study
revealed that even if AuNPs-GA efficiency is lesser than
GA alone, no cellular toxicity was reported in the normal
cervical cells group when AuNPs-GA was applied [65].
Another study shows that AuNP-conjugated doxorubicin
presents a higher anticancer activity in human cervical can-
cer cells, compared to free drugs [66]. The AuNP conjuga-
tion with bioactive molecules reduces overall toxicity and
increases mitochondria targeting in cancer cells. Phloroglu-
cinol conjugated with AuNPs determines apoptosis in HeLa
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cancer cells by increasing the permeability of the mitochon-
drial membrane [67]. Another study showed that if loaded
with Podophyllum hexandrum plant extract, the AuNPs
determine DNA impairment and cellular cycle block at
G2/M phase in HeLa cells [68].

Bionanotechnology via green synthesis is safer and less
expensive. The photosynthesized Catharanthus roseus (CR)
AuNPs enhance mitochondrial-mediated apoptotic signal-
ing pathway through reactive oxygen species (ROS), causing
high toxicity in HeLa cell cultures [69]. Silver nanoparticles
(AgNPs) have an extensive use in the health care industry
due to their particular features, being an anti-inflammatory,
antibacterial, antiviral, antiangiogenic, or anticancer prod-
uct. If silver is used in low quantities, it causes no damage
in animal cells, compared to increased toxicity against bacte-
ria or cancerous cells. In cervical cancer treatment, few stud-
ies are available for AgNPs obtained by chemical synthesis
like ultraviolet radiation, photochemical reduction, laser
ablation, or aerosol technologies [70–72]. Just like in the case
of AuNPs, green synthesis of AgNPs is mostly used due to
ecofriendly production. Yuan et al. reported that AgNPs
conjugated with camptothecin (CPT) showed cell prolifera-
tion inhibition and enhanced cytotoxicity and apoptosis,
through varied mechanisms such as raising the levels of oxi-
dative stress markers and accelerating multiple proapoptotic
gene expression [73]. Varied medicinal plants with antioxi-
dant properties such as Piper longum [74] and Cleistanthus
collinus [75] have been used for AgNP synthesis, showing
favorable responses in anticancer treatment.

Iron oxide nanoparticles have been extensively studied
due to their amazing capacity of combining drug delivery
systems, imaging, and treatment characteristics. The effect
of supermagnetic DMSO@ γ-Fe₂O₃, combined with chemo-
therapy agent carmustine on cervical cancer under a variable
magnetic field showed an increased toxic effect, enhanced by
nanomagnetic fluid thermotherapy used on cervical cells.
Superparamagnetic iron oxide nanoparticles (SPIONs) are
great for their noninvasive diagnosis and therapeutic use
but there is still a slowly progress into clinical application
[76, 77].

Mesoporous silica nanoparticles (MSNs) present great
features such as tunable proportion, high load volume, mor-
phology, stability, and simply possibility to modify internal
and external surfaces of the NP and this make them very
attractive for the cervical cancer diagnosis, treatment, and
promising in cancer theragnostics [78]. Using MSNs, Franco
et al. showed increased cellular link-up and nanomaterial
transfer among immune cells and augmentation of interac-
tion between MSNs and macrophages to coordinate an
immune response in cervical cancer [79].

Selenium nanoparticles (Se NP) have demonstrated their
use in cervical cancer, and their antitumor outcome is due to
the inhibition of migration and invasion activity which offer
an antimetastatic effect [29]. Rajkumar et al. analyzed the
anticancer properties of green synthesis Se NP from Pseudo-
monas stutzeri (MH191156) as an efficient source of Se NP
and its antitumor and antiangiogenic characteristics against
cervical cancer cells [80]. Other authors proved its efficacy
in cervical cancer by using it as a drug delivery system com-

bined with doxorubicin [81], or by targeted siRNA delivery
silence Derlin1, enhancing anticancer effect [82].

3.5. Inorganic Nanoparticles. The cooper oxide nanoparticles
revealed amazing cytotoxicity results when they were tested
against different cancer cells like human cervical (HeLa
cells), breast (MCF-7 cells), lung (A549 cells), and epitheli-
oma (Hep-2 cells) [83]. Although zinc oxide nanoparticles
have been successfully used in the cosmetics industry due
to their photocatalytic action, it was shown that if used
among paclitaxel and cisplatin determine selective cancerous
cell death in vitro human squamous cell carcinoma [84].
Barium carbonate like AuNP is used through the green syn-
thesis of NP and can generate tumor cell apoptosis, by affect-
ing the size and surface activity of the cell and increasing the
production of reactive oxygen species (ROS) [85, 86]. Mag-
netic nanoparticles are made of a nanomagnetic material
which has magnetic response and high paramagnetism.
The magnetic nanoparticles that are usually used are magne-
tite and maghemite. Due to their properties, they can be
placed under a magnetic field in order to deliver a targeted
drug or as a magnetic resonance imaging contrast agent [87].

3.6. Micellar Nanocarriers. Micellar nanocarriers represent
colloidal particles formed by amphiphilic block copolymers,
which can combine among them. In vivo, they are very sta-
ble, with the capacity to solubilize water-hydrophobic drugs
and increase the blood-circulating period due to their small
sizes that vary between 10 and 100nm [88]. When their sur-
face is PEGylated, they can cross via passive transport
through inflammatory tissues and tumor vessels and main-
tain a higher treatment concentration in the tumor site.
There are three conjugation methods between drugs and
copolymers by which micelles forms. The direct dissolution
process employs the water environment to load the drug
with the polymeric micelles. The solvent evaporation
method uses a volatile organic solvent to disband the desired
drug and copolymer. The third process is dialysis, in which
through a dialysis bag the agent, washed up in solution,
and the copolymer soaked in organic solvent, are combined.
The micelles form subsequent dialysis process of the two
components [89–91].

3.7. Protein and Polysaccharide Nanocarriers. Proteins are
natural biomolecules intensely used in nanotechnology with
single or multiple functions. In order to increase the target-
ing process, the protein nanocarrier is damaged by chemical
alteration and after that it is conjugated with the targeting
ligand, which will amplify the exact delivery toward cells or
tissues. Albumin is a multifunctional protein that contains
some hydrophobic pockets, which ease the link between
the drug and amphiphilic or hydrophobic molecules. Li
et al. used in a phase 2 study nanoparticle albumin-bound
paclitaxel (nab-paclixatel) and nedaplatin (NDP) for
patients with advanced, recurrent, and metastatic cervical
cancer with good activity and tolerable results, [92]. Alberts
et al. showed similar results in a phase 2 trial, using albumin-
bound nab-paclitaxel in the treatment for recurrent and
metastatic cervical cancer [93].
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Gelatin nanoparticles (GNP) have a large applicability to
target damaged tissue such as cancer, tuberculosis, vaso-
spasm, or HIV [94]. The polysaccharides are much the same
as proteins, being composed of monosaccharides clusters
connected by O-glicosidic bonds. They are advantageous
because they are very versatile and have specific attributes.
Due to their similar structure with extracellular matrix they
can bypass various immunological reactions, making them
suitable candidates for drug delivery systems [95]. Still, the
polysaccharides can easily disintegrate (oxidation process)
if melting temperature is used for their achievement. More-
over, features such as water solubility put limits on some
applications areas [96].

4. Future Perspectives

Regarding the theoretical models of controlled drug release,
in addition to the classical ones, which invoke diffusion
equations by Fickian, and non-Fickian processes, a new class
of model is based on the description of drug release pro-
cesses by continuous and indistinguishable curves (multi-
fractals curves). As the use of such curves implies the
property of self-similarity in any release points of the matrix
(i.e., the part reflects the whole, the whole reflects the part,
i.e.,the holographic principle), it follows that drug delivery
mechanisms can be assimilated to holographic implementa-
tions of release dynamics. Following this, the class of holo-
graphic mechanism of controlled drug release it may be
proposed [97–104].

For a deep understanding of phenomena, which hap-
pened in the human organism, in cases with human papil-
loma virus infection, we decided to analyze by comparison

of two samples (HPV 16 and control) on the micronic scale.
Moreover, after this achievement of obtaining the nanoscale
optical imaging of the samples on 20μm through the
enhanced darkfield hyperspectral microscopy, we realized a
spectral analysis (see Figure 4). The interpretation of the
obtained spectral profile showed that there is a clear differ-
ence between the two samples. Thus, the graph correspond-
ing to the control sample is defined by a decreasing
nondifferential curve that shows an exponential decrease.
In contrast, the graph corresponding to the HPV sample is
represented by an increasing nondifferential curve showing
a saturation level. In addition, for any of the nondifferential
curves presented above, fractal dimensions can be calculated,
as well as their succulence and lacunarity.

With this occasion, in cases of patients with HPV infec-
tion, more perspectives can be opened on the main direc-
tions within artificial intelligence that can become a
primary step for much faster identification and diagnosis
compared to Pap smear tests or DNA HPV test. This new
technique will have at least the same accuracy.

The dimension, configuration, and some particular
chemical and biophysical features concur to nanoparticle
efficiency. Moreover, the specific biochemical and biophysi-
cal characteristics that a drug possess bring a huge contribu-
tion to the perfect nanoparticle-drug delivery complex.
Further modulation regarding the dimension, shape, surface
feature, and aqueous-solubility may augment nanoparticles
bioavailability and bioactivity. Even though the nanotech-
nology is continuously changing nowadays, there are still
some doubts regarding practical applications of nanoagents.
Several questions regarding their safety, toxicity, and effec-
tive regulation need to be answered. Because of the toxic
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Figure 4: Enhanced dark field hyperspectral microscopy-control cervical tissue versus HPV 16 cervical tissue.
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reactions that nanoparticles may have in normal cells,
recently, there have been attempts to conjugate nanoparti-
cles with natural compounds via the green chemistry path-
way. Various studies showed that biosynthetic processes
through bionanotechnology reduce the toxicity dilemma
and lower the side effects that most of the conventional
nanoparticles have [105]. For this reason, hybrid nanocarri-
ers represent the most encouraging application for nano-
medicine, giving the heterogeneous properties of various
compounds in a singular delivery system.

5. Conclusions

It is clear that nanoparticles represent an important key for
the progress of drug delivery systems in cervical cancer, hav-
ing an extensive use in prevention, screening, diagnostic,
management, and treatment compared to other methods.
All the assembled data from the literature show that chemo-
therapy drug-loaded nanocarriers provide a pertinent thera-
peutic strategy against cervical cancer, and the ongoing
perfection of drug delivery systems will further integrate
nanotechnology into clinical practice. As any hologram
function as a deep learning process, the artificial intelligence
can be proposed as a new analysis method of cervical cancer.
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Endometriosis is considered a serious public health issue because of the large number of females affected by this illness. Chronic
pain management in patients with endometriosis demands new strategies to increase the life quality of these patients. The
development of drug delivery systems represents a new approach in pain treatment among endometriosis patients. Diclofenac
sodium, one of the most utilized nonsteroidal anti-inflammatory drugs (NSAID), has its own limitations when being used in
formulas such as oral, parental, or local applications. In this paper, a series of four drug release formulations based on
chitosan, 2-hydroxy-5-nitrobenzaldehyde, and diclofenac sodium salt were prepared in view of the investigation of the drug
release ability. The formulations were analyzed from a morphological and supramolecular point of view by scanning electron
microscopy and polarized light microscopy. The in vitro drug release ability was investigated by mimicking a physiologic
environment. A mathematical model, using the fractal paradigm of motion, is utilized to explain the behaviors of the drug
delivery system presented in this paper. These results suggest a great potential of the proposed drug delivery system, based on
chitosan and 2-hydroxy-5-nitrobenzaldehyde to improve the diclofenac sodium salt bioavailability, and it may represent a
future treatment formula for endometriosis pain.

1. Introduction

Endometriosis is a wide benign, chronic, and inflammatory
pathology among fertile women that is characterized by pain-

ful symptomatology and infertility. The distinctive mark of
endometriosis diagnosis is represented by the presence of stro-
mal and glandular endometrial tissues outside the uterus. The
symptoms related endometriosis comprises dysmenorrhea,
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dyspareunia, and pelvic or lower abdominal pain that fre-
quently has a negative impact on the patient’s life quality,
career, daily activities, relationships, and fertility. Sometimes,
patients may accuse cyclical pain in other areas correlated with
endometriosis [1]. Even if endometriosis is a very popular con-
dition, the diagnosis can be difficult, especially in the less
severe stages (stages I-II), and at this moment, laparoscopy is
considered the “gold standard” for diagnosis [2].

The mechanisms of endometriosis are not entirely
understood. It is believed to be an inflammatory condition
that involves various endocrine, genetic, immunological,
and environmental interplays with great impact in the
initiation and progression of the pathology. The disfunction
of the immunological system plays a critical role for the
development and persistence of endometrial implants inside
the peritoneal cavity. Peritoneal fluid represents an impor-
tant immunological barrier system that contains different
immune cells such as mesothelial cells, macrophages, natural
killer (NK) cells, T and B lymphocytes, and monocytes.
Immunoinflammatory factors, angiogenic factors, and endo-
crine pathways establish specific and dynamic circumstances
that are necessary to create and grow endometriotic
implants. The macrophage population is higher within peri-
toneal fluid and endometriotic implants and contributes to
the inflammatory environment but, compared with none-
ndometriozic patients, presents a decreased phagocytic func-
tion and low expression of B scavenger receptor CD36. The
ratio between M2 anti-inflammatory macrophages and M1
proinflammatory is inverted in endometriosis patients. An
increase level of M1 macrophages found in endometriosis
tissue contributes to profibrotic activity, survival, and pro-
gression of ectopic implants by angiogenesis and immune
tolerance induction [3, 4]. Moreover, oestrogen receptors
(ER) may play an important role in macrophage regulation,
suggesting a correlation between immunological response
and oestrogens. In endometriosis patients, it was shown that
ER-α expression is positively linked to proinflammatory
cytokine expression in macrophages and ER-β presents
anti-inflammatory function [5]. An increased number of
proinflammatory cytokines were found within endometrial
implants. Therefore, ectopic implants showed a higher
expression of transcription factor, nuclear factor-kB (NF-
kB), along with fibronectin, intercellular adhesion molecule
1 (ICAM1), insulin-like growth factor I (IGFI), tumor necro-
sis factor-α (TNF-α), interleukin-6 (IL-6), and interleukin-8
(IL-8) which enhances growth function within the ectopic
implant by promoting the proinflammatory environment
[3]. These cytokines launch and enhance the inflammatory
response, targeting the recruitment of various proinflamma-
tory cells and mediators. Tumor necrosis factor and its
receptors, TNFR1 and TNFR2, represent an extrinsic apo-
ptosis pathway involved in endometriosis genesis, being
implicated in inflammatory and endometrial repair [6, 7].

Natural killer (NK) cells are normally abolished by the
peritoneal barrier environment, but within endometriosis
patients, an overexpression of different surface receptors that
can activate or suppress their function was found. They rep-
resent cytotoxic effector lymphocytes that do not need a
major histocompatibility complex or previous exposure to

the antigen to lyse the target cells. Lately, research has been
focused to identify various factors, which may suppress NK
cell cytolytic function such as IL-6, IL-15, and TGF-β1
[8–11]. The endocrine premature dendritic cells reach matu-
rity and are carried through the lymphatic vessels in
response to foreign antigens or various antigens on top of
T cells from inflammatory targets. In endometriozic tissues,
this physiological process is being modified and the popula-
tion of CD83+ dendritic cells is significantly decreased, lead-
ing to endometrial antigen misrecognition by the circulating
antiendometrial stromal cells [7].

Inflammation represents an important key in endome-
triosis pathogenesis, and further studies focused on the
intracellular signaling mechanisms will contribute to under-
stand better the inflammatory pathogenesis of endometriosis
to develop future therapeutic strategies.

The treatment of symptoms is very wide, having various
options, but the underlying pathology frequently demands
repeated medical and surgical interventions. The possibili-
ties of medical treatment include oral contraceptives,
testosterone derivatives, progestogens, and gonadotropin-
releasing hormone (GnRH) agonists. Regarding the surgical
approach, there are two modalities used for endometriosis
treatment such as ablative techniques and excision [12, 13].
In the management of pain-related endometriosis, they are
utilized as first-line therapy nonsteroidal anti-inflammatory
drugs (NSAIDs) which represent a group of analgesic drugs.
This drug class inhibits the cyclooxygenase- (COX-) 1 and
COX-2 enzymes. The COX-2 enzyme is responsible for
prostaglandin formation, an important key in inflammatory
response initiation, and its inhibition determines therapeutic
anti-inflammatory effects. Diclofenac sodium is a traditional
NSAID that inhibits both COX-1 and COX-2 with greater
impact on COX-2, being comparable to celecoxib, a first
generation of the COX-2 inhibitor [14]. Depending on the
dose that is used and the time between administrations,
diclofenac like other COX-1 and COX-2 inhibitors, associ-
ates an increased risk of gastrointestinal, cardiovascular,
and renal complications. To reduce the side effects and to
improve the variability of diclofenac indications, the phar-
maceutical industry developed different formulas with large
approaches such as oral, parental, and local applications.

Drug delivery is a research direction of high contempo-
rary interest, meant to improve the bioavailability of thera-
peutic drugs, to overcome impairments such as limited
drug solubility or tendency of aggregation and to limit their
side effects by targeted delivery. In time, many types of drug
carriers were proposed to fulfill the requirements of in vivo
drug release, such as liposomes, hydrogels, nanogels, and
micelles [15–18]. Among them, the hydrogels present the
advantage of high similarity with human tissues, while those
based on natural or derivatives of natural have good biocom-
patibility and biodegradability. Along this line of thought,
chitosan-based hydrogels proved the potential to skip the
barrier towards real-world applications, because besides
biocompatibility and biodegradation, it has also a large
realm of biologic properties [19]. Recent research in the area
of chitosan hydrogels revealed a new crosslinking method
with monoaldehydes, based on a combined physicochemical
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method consisting in the self-assembling of the newly
formed imine units into ordered clusters which play the role
of crosslinking nodes [20–23]. This nontraditional hydroge-
lation method proved a great potential for the design of drug
delivery formulations, bringing the advantage of the use of
biocompatible natural aldehydes with synergic biologic
properties [24–26]. In this context, hydrogels prepared from
chitosan and a vanillin derivative, 2-hydroxy-5-nitrobenzal-
dehyde, showed thixotropic behavior [24] and antimicrobial
activity [27], promising to be an excellent matrix for the
local delivery of diclofenac for the treatment of endometri-
osis. To further understand the mechanism behind the slow
release of drugs from these chitosan-based hydrogels, a mul-
tifractal mathematic model is proposed to explain the drug
delivery complex mechanisms.

2. Materials and Methods

2.1. Materials. Chitosan of low molecular weight (217.74 kDa,
DA: 85%), 2-hydroxy-5-nitrobenzaldehyde (98%), diclofenac
sodium salt (DCF) (99%), and phosphate buffer solution
from Aldrich were used as received.

2.2. Preparation of the Formulations. A series of four drug
delivery formulations were prepared by in situ crosslinking
of chitosan with 2-hydroxy-5-nitrobenzaldehyde in the pres-
ence of diclofenac sodium salt, according to reference [16].
Shortly, (i) a chitosan solution was prepared by dissolving it
in 0.7% acetic acid to give a 2% solution, (ii) a 1% solution
of 2-hydroxy-5-nitrobenzaldehyde in ethanol was mixed with
DCF, and then, (iii) it was slowly poured into the chitosan
solution under vigorous magnetic stirring. The quantities of
chitosan and 2-hydroxy-5-nitrobenzaldehyde were calculated
to reach four different crosslinking degrees in the final formu-
lations, corresponding to four different ratios of the amine and
aldehyde functional groups: 5/1, 4/1, 3/1, and 2/1. The diclofe-
nac amount was kept constant, consistent with the accepted
dose (g/kg). The formulation codes were formed from the
number corresponding to the ratio of functional groups and
the letter D of DCF: 5D, 4D, 3D, and 2D.

2.3. Methods and Equipment. The formulations were frozen
in liquid nitrogen and then lyophilized using a Labconco-
FreeZone Freeze Dry System equipment for 24h at −54°C
and 1.512mbar, to obtain the corresponding solid state as
xerogels.

The morphology of the formulations was investigated on
the corresponding xerogels, using a field emission scanning
electron microscope (SEM) EDAX—Quanta 200 at an accel-
erated electron energy of 20KeV.

The supramolecular architecture of the formulations was
observed by polarized light microscopy (POM) with a Leica
DM 2500 microscope, on slim slices of xerogels placed
between two lamellae.

In vitro investigation of the DCF release from formula-
tions was investigated applying a standard procedure [28].
Briefly, the formulation samples were immersed into vials
containing 10mL of phosphate buffer and maintained at
37°C. At certain moments, 2mL of the supernatant was

withdrawn and replenished with fresh buffer solution. The
concentration of DCF released into the supernatant was
assessed by measuring the specific DCF absorbance and its
fitting to a calibration curve. The experiments were per-
formed in triplicate. The absorbance spectroscopy was done
on a HORIBA spectrophotometer.

3. Results and Discussions

A series of four formulations were prepared by chitosan
hydrogelation with 2-hydroxy-5-nitrobenzaldehyde in the
presence of diclofenac sodium salt. The designing of these
formulations considered the properties of the components
and the intermolecular forces which can be developed
between them. Thus, chitosan is a well-known biopolymer
with excellent biocompatibility and biodegradability and
valuable biologic properties such as antimicrobial activity
and blood clotting, hypocholesterolemic, or immunoenhan-
cing effects. 2-Hydroxy-5-nitrobenzaldehyde has been cho-
sen as a chitosan crosslinker, due to the fact that it is a
vanillin derivative, nontoxic for the human body, and with
good antimicrobial properties [27, 29], having promising
synergistic effect with diclofenac drug. The chemical struc-
ture of the three components displays polar groups such as
–Cl, –OH, –COO–, and –NO2, which promotes intermolec-
ular forces among the three components (such as H-bonds
and polar forces) creating the possibility of a prolonged
release of the drug and thus a prolonged bioavailability. To
appreciate the influence of the matrix on the release kinetic
of the drug, four formulations were prepared by varying
the ratio between the amine and aldehyde groups and conse-
quently the crosslinking density.

Polarized light microscopy was used to assess the encap-
sulation of the drug into the matrix (Figure 1). The formula-
tions revealed birefringent banded textures, signatures of the
layered phases [20, 24, 30], confirming thus that the self-
assembling of the imine units formed between chitosan
and 2-hydroxy-5-nitrobenzaldehyde was the main promotor
of formulation hydrogelation [20–24]. This texture pattern
was evident for all four formulations, signifying that the
DCF presence did not hamper the hydrogelation for any of
them. Besides, the texture was continuous, without crystals,
suggesting that DCF molecules were dispersed into the
hydrogel matrix at least at the submicrometric level, under
the evaluation limits of the POM [28].

As the formulation morphology is in an important factor
affecting the drug kinetics release, scanning electron micros-
copy was performed to have a better understanding of it.
Figure 2 shows that the microstructure of the formulations
was not significantly affected by the crosslinking degree.
Except for the 2D formulation, which showed a more com-
pressed structure with no clear pores, the other samples
revealed a porous morphology, with well-delimited inter-
connected pores with a diameter around 50μm. Compared
to the neat hydrogels without drug, their pore walls were
thick, indicating the encapsulation of DCF into them [24].
This hypothesis is supported by the strong interactions
which can develop between the DCF and the hydrogel
matrix, which clearly prompted the drug anchoring into
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matrix. In this view, it can be expected that the diffusion of
the DCF molecules through the matrix will be retarded, pro-
moting its prolonged release [31].

The in vitro release of DCF from the formulations was
monitored by applying conditions which mimic the physio-
logic environment. As can be seen in Figure 3, the DCF was
released in a pulsatile manner, no matter what was the cross-
linking degree of the matrix [32]. Taking into consideration
the influence of the drug size on the dissolution rate, this
behavior can be correlated with the encapsulation of the
DCF into the formulations as submicrometric crystals of dif-
ferent sizes [24]. Furthermore, no clear correlation of the
release profile to the crosslinking degree was distinguished.
The hydrogel matrix with the lowest crosslinking degree
(5D) was favorable towards a fast release of almost all DCF
amounts over 9 days. On the contrary, the formulation with
the highest crosslinking degree (2D) presented a more rapid
release compared to those with a medium crosslinking
degree (3D and 4D), attaining more than 80% DCF release
compared to less than 70%. Nevertheless, the exponential
trend line showed a continuous release of the drug for the
entire investigation period (Figure 3). This release behavior,
which did not match to a clear rule, has been correlated with
the dissimilar viscosity of the hydrogelation system,
influencing the DCF crystallization, i.e., the growing of crys-
tals of different sizes.

4. Theoretical Model

Taking into account the complexity of the phenomena that
occur in release processes (drug diffusion, erosion of poly-
mer matrix, drug solubility, etc.), it is admitted (evidently,
as a work hypothesis) that this “complexity” can be “cov-
ered” by multifractality. In other words, the polymer-drug
complex system release dynamics will be described through
continuous and nondifferential curves (multifractal curves
and not monofractal curves, i.e., of a single fractal dimension
DF , as is the usual case in [33]). Then, the multifractal theory
of motion in its hydrodynamic form becomes functional
through the following equations [34, 35]:

∂tV
i
D +Vl∂lV

i
D = −∂iQ, ð1Þ

∂tρ + ∂l ρVl
D

� �
= 0, ð2Þ

Q = 2λ2 dtð Þ 2/f αð Þ½ �−1 ∂l∂
l ffiffiffi

ρ
pffiffiffi
ρ

p , ð3Þ

∂t =
∂
∂t

, ∂l =
∂
∂Xl

, ∂l∂l =
∂
∂Xl

∂
∂Xl

� �
, i, l = 1, 2, 3: ð4Þ

2D
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3D

(b) 3D
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(d) 5D

Figure 1: Birefringent textures of the 2D–5D formulations evidenced by POM.
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Figure 2: Microstructure of the studied formulations visualized by SEM.
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Figure 3: Drug release profile of DCF from formulations and the corresponding exponential trend line.
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In relations (1)–(4), the terms have the following
meanings:

(i) t is the nonfractal time having the role of an affine
parameter of the release curves

(ii) Xl is the multifractal spatial coordinate

(iii) Vi
D is the “multifractal fluid” velocity on a differen-

tiable scale resolution (the polymer-drug complex
system is assimilated to a “multifractal fluid”; for
details on the “behavior” of such a “physical
object,” see [33–35])

(iv) ρ is the state density of the “multifractal fluid”

(v) λ is the structural constant specific to the release
process associated to the multifractal—nonmulti-
fractal transition

(vi) dt is the scale resolution

(vii) f ðαÞ is the singularity spectrum of order α depen-
dent on the fractal dimension DF [36, 37]

Operating with multifractal “manifolds” instead of
monofractal ones (in the case of dynamic release systems)
has some advantages:

(i) Areas of the polymer-drug complex system of a
certain fractal dimension may be identified and
can be characterized from a release dynamic view-
point. From here, the number of zones of the
polymer-drug complex system which have their
fractal dimension in a certain interval of values
may be identified

(ii) Universality classes can be identified in the domain
of dynamic release systems, even when the attractors
have different aspects

Equation (1) corresponds to the multifractal law of spe-
cific momentum conservation and equation (2) corresponds
to the multifractal conservation law of state density, while
equation (3) corresponds to the multifractal specific scalar
potential as a measure of the multifractalization degree of
the release curves.

Introducing the fractal state function of the form

ψ = ffiffiffi
ρ

p exp isð Þ, i =
ffiffiffiffiffiffi
−1

p
, ð5Þ

where
ffiffiffi
ρ

p
is an amplitude and s is a phase, then, two types of

velocities can be defined:

(i) Vi
D velocity at differentiable scale resolution

Vi
D = 2λ dtð Þ 2/f αð Þ½ �−1∂is ð6Þ

(ii) Vi
F velocity at nondifferentiable scale resolution

Vi
F = dtð Þ 2/f αð Þ½ �−1∂i ln ρ ð7Þ

Now, the synchronization of the dynamics at the two
scale resolutions, equivalent to the controlled drug release
process, implies the operation with the following con-
straint:

Vi
D = −Vi

F : ð8Þ

In this condition, the multifractal conservation law of
state density transforms into a diffusion equation of multi-
fractal type:

∂tρ = λ dtð Þ 2/f αð Þ½ �−1∂l∂
lρ = σ∂l∂

lρ: ð9Þ

It results that these “mechanisms” “manifest”/are “per-
ceived” as diffusions at various scale resolutions in a mul-
tifractal space (Fickian-type diffusion, non-Fickian-type
diffusion, etc.). To explain this situation it should be con-
sidered the one-dimensional drug diffusion of multifractal
type from a controlled-release polymeric system with the
form of a plane shut, of thickness δ. If drug release of
the multifractal type occurs under perfect sink condition,
the following initial and boundary conditions can be
assumed:

t = 0,

−
α

2 < x < α

2 ,

ρ = ρ0

t > 0,

x = ± α

2 ,

ρ = ρ1,

ð10Þ

where ρ0 is the initial drug state density of the multifractal
type in the “device” of the multifractal type and ρ1 is the
drug state density at the “polymer-fluid” interface of the
multifractal type. This solution equation under these con-
ditions can take the following form (for details in the clas-
sical case, see [38, 39]). In Figure 4 shows the multifractal
function representation utilized to analyze the drug release

f = ρt
ρ∞

= 2 σt

δ2

� �1/2
= π−1/2 + 〠

∞

n=1
−1ð Þn erfc nδ

2 σtð Þ1/2
" #( )

:

ð11Þ

An accurate expression can be obtained for small
values of t since the second term of (11) disappears, and
then, it becomes:

ρt
ρ∞

= 2 σt

δ2

� �1/2
= const tð Þ1/2: ð12Þ
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In such a context, ρt/ρ∞ can be assimilated to the
fraction of dissolved drug, i.e., Mt/M∞ ≡ ρt/ρ∞, where
Mt is the amount of drug dissolved in time t and M∞ is
the total amount of time dissolved when the pharmaceuti-
cal dosage form is exhausted [40, 41]. The confirmation of

the model is presented in Figure 5, for the release of DCF
from the chitosan-based matrix. The empirical data was
fitted with the multifractal function. The model is well
equipped to predict the drug release dynamics [38]. The
use of any classical model to fit the in vitro release will
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Figure 4: 3D (left side) and contour plot (right side) representations of the multifractal function used for drug release mechanism analysis.
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not offer any information regarding the mechanism of the
drug release, as there are a wide span of factors influenc-
ing the release process. Concerning the theoretic model
developed in the multifractal paradigm, this can be vali-
dated through an adequate calibration on the empirical
data, by choosing the constants according to the particu-
larities of our polymer-drug system followed by a normal-
ization of the data. The calibration process is not a trivial
one as it strictly depends on the nature of the phenomena
investigated; the method was previously tested for other
physical phenomena with promising results [42–63]. We
can observe that the model fits well all data sets. The sat-
uration is usually reached at around 24–28 hours depend-
ing on the formulation and its corresponding fractal
degree. This is also due to the morphology of the formu-
lation which has a more organized structure enhancing
the release; thus, a link can be made between the differen-
tial parameters defining the morphology of the polymer
and the fractal degree defining the collective movement
of the drug release scenario in a multifractal model. When
we further analyze these results in the fractal paradigm, it
results that a nonfractal morphology will lead to a higher
fractality of the release drug geodesics as it enhances the
interactions between the drug and the release media. As
the morphology of the polymer formulations becomes
fractalized, the release is reduced and the overall fractaliza-
tion degree of the drug release is reduced.

5. Conclusions

A series of four drug release formulations were prepared by
in situ hydrogelation of chitosan by with 2-hydroxy-5-nitro-
benzaldehyde in the presence of diclofenac sodium salt as a
drug model. The POM and SEM measurements emerged
to the conclusion that the formulations have a homogenous
dispersion of the drug into the pore walls at the submicro-
metric level. The size of DCF crystals appeared to vary
depending on the system viscosity during the hydrogelation.
This favored a pulsatile prolonged release of the drug over 9
days. The mathematical model was performed in the frame-
work of the scale relativity theory and validated by our anal-
ysis and experimental data.

Because pain is the most common unpleasant symptom
associated with endometriosis or deep infiltrative endometri-
osis, the current research on NSAIDs and the development
of drug delivery systems can open new future perspectives
on management of this category of patients. Drug delivery
systems already play an important role in reducing symp-
toms related endometriosis, showing great improvement in
the management of this debilitating condition.
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