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A B S T R A C T

Endometriosis is a chronic inflammatory condition characterized by the presence of endometrial-like tissue 
outside the uterine cavity. Despite significant advances in understanding its pathophysiology, the clinical 
management of endometriosis remains a profound challenge. The disease is a leading cause of pelvic pain and 
infertility, significantly impairing the quality of life of affected individuals. Although endometriosis is histo
logically benign, its progressive, invasive nature and high recurrence rate pose serious morbidity risks, neces
sitating long-term therapeutic intervention. Current pharmacological treatments, primarily based on hormonal 
suppression, are often limited by systemic adverse effects, low patient adherence, and a lack of efficacy in 
preventing disease progression in refractory cases. Consequently, there is an urgent need to develop novel, 
targeted therapeutic strategies that overcome the limitations of systemic administration. This article provides a 
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comprehensive overview of the current state of preclinical research on advanced drug delivery systems for 
endometriosis therapy. We focus on nanomedicine and fibrous scaffold-based technologies, highlighting their 
potential to enable site-specific drug release, enhance therapeutic efficacy, and minimize off-target toxicity. 
Furthermore, we discuss the application of these systems in therapies utilizing external stimuli for precise drug 
release and the targeted elimination of ectopic lesions.

1. Introduction

Despite significant biological distinctions that necessitate specialized 
medical attention, gynecology accounts for only ca. 3.7% of clinical 
trials [1–5]. Against this backdrop, the investigation of innovative 
therapeutic strategies for endometriosis—particularly those involving 
advanced drug delivery systems or photothermal therapies—remains a 
notably rare and under-represented area of clinical research [5].

Endometriosis is a chronic inflammatory condition affecting 
approximately 10% (190 million) of reproductive-age women globally 
[1]. It is characterized by the presence of endometrial-like tissue outside 
the uterine cavity, e.g., in the pelvic peritoneum, on the ovaries, in the 
recto-vaginal septum, in the bladder, and in the bowel. The condition in 
which endometrial tissue grows into the muscular wall of the uterus is 
called adenomyosis [6,8]. In the most severe cases, the outbreaks of 
endometriosis may be found outside of the pelvis, e.g., in the lungs, on 
the skin [6,7,9,10] (Fig. 1). Endometriosis is also the reason for infer
tility in up to 50% of women from this group, as well as chronic pelvic 
pain (50–80%) [10,11]. Despite its prevalence, patients often face sub
stantial diagnostic delays, with an average of 6.7 years [12,13]. This 
diagnostic gap, coupled with limited public awareness and fragmented 

research, imposes a considerable burden on public health and the global 
economy [10]. It is worth noting that the figures given regarding the 
epidemiology of endometriosis may be subject to significant error and 
underestimation because of such factors as access to professional med
ical care or cultural reasons, and there is no public database for 
population-level statistics, like for cancer or diabetes [14–17]. Endo
metriosis represents a complex, chronic systemic disorder associated 
with a profound socio-economic burden, significantly affecting labor 
productivity and quality of life. Current epidemiological data indicate 
that while standardized incidence rates have shown a gradual decline, 
the absolute global burden—measured by disability-adjusted life years 
(DALYs)—continues to rise due to population growth and demographic 
changes shifts [18] (Fig. 2).

Nnoaham et al. published the results of a multicenter cross-sectional 
clinical study conducted on a group of 1418 premenopausal women 
concerning the impact of endometriosis on quality of life and work 
productivity [19]. Results show that overall work productivity loss due 
to endometriosis was significantly increased to 10.8 h/week compared 
with the asymptomatic control [19]. The economic consequences of the 
disease are substantial, primarily driven by indirect costs related to 
absenteeism and presenteeism. Recent nationwide surveys underscore 

Fig. 1. Anatomical Distribution of Endometriotic Lesions. (A) Systemic Endometriosis Foci. Whole-body diagram illustrating possible extragenital body sites for 
endometriotic involvement beyond the reproductive organs, with labeled foci in the brain, lungs, skin, kidneys, bowels, and rectum, demonstrating multi-organ 
system involvement. (B) Endometriotic Lesions in the Uterus and Female Reproductive Organs. Foci of endometriotic lesions are highlighted, with specific 
emphasis on involvement of the uterus, fallopian tubes, and ovaries. (C) Sagittal View of Pelvis and Douglas Pouch Foci. Detailed sagittal pelvic cross-section 
illustrating relative organ positions and focused location of endometriotic lesion sites within the rectouterine pouch (also known as the pouch of Douglas), along 
with involvement of the bladder, ovaries, and intestine, detailing the endometrial lining and muscle wall. [6–8]. The figure was created with BioRender.
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this impact, with annual per capita costs estimated at approximately Int 
$9864 in specific regional cohorts. In high-resource settings, macro
economic analysis suggests that productivity loss accounts for up to 65% 
of the total economic burden associated with the condition [19,20]. The 
increasing recognition of endometriosis as a critical public health issue 
has catalyzed the establishment of numerous global and national orga
nizations [21–27]. These entities, including major bodies such as the 
World Endometriosis Society [21], play a fundamental role in driving 
research initiatives, facilitating clinical guidelines, and providing 
necessary patient advocacy.

From a clinical engineering perspective, the pathology is character
ized by extrapelvic manifestations and a high prevalence of infertility, 
occurring in 30–50% of affected populations [11,28]. Despite these se
vere outcomes, clinical management remains hampered by diagnostic 
delays and a reliance on symptom-focused palliative interventions 
rather than curative technologies. Surgical management, while a stan
dard of care, is associated with recurrence rates exceeding 40% within 
five years, highlighting a critical unmet need for innovation in both 
diagnostic modalities and therapeutic biomaterials [28]. Currently, 
pharmacotherapy plays a crucial role in the treatment of endometriosis. 
Progestins and estroprogestines, used as contraception, are one of the 
most often used for endometriosis treatment. Their primary purpose is 
symptom relief. This therapy aims to induce, artificial menopause’’ to 
achieve a hormonal state in which the activity of the endometrium is 
limited. Unfortunately, such standard therapy in most patients gives 
limited benefit, and pain is still present in almost 5–59% of treated 
women [28]. The above-mentioned products were created for the 
treatment of medical conditions other than endometriosis, and the 
active substances used in them, the method of drug delivery, or their 
actions are not targeted to the specific etiology of endometriosis.

This review focuses on the current state of preclinical research 
regarding novel biomaterials for local drug delivery in endometriosis. 
The primary objectives of this work are to synthesize current knowledge 
on the limitations of conventional systemic pharmacotherapy for 

endometriosis and justify the clinical need for localized drug delivery 
systems. Moreover, critical evaluation of recent preclinical advance
ments in biomaterial-based therapeutic vectors will be presented. Ulti
mately, the critical research gaps and future directions will be identified 
for the clinical translation of smart biomaterials in endometriosis 
management.

2. Endometriosis: ethiology and characteristics

The endometrium is a unique tissue in the human body. First, it 
constantly changes during the monthly cycle under hormonal stimula
tion, and second, it can accept foreign genetic material. The primary 
function of the endometrium is to create optimal conditions for the 
healthy growth and development of the embryo when fertilization oc
curs. A serious medical problem begins when endometrial tissue im
plants in a place other than the uterus. Nowadays, three phenotypes of 
endometriosis are distinguished: superficial peritoneal lesions (SUP), 
ovarian endometriomas (OMA), and deep infiltrating endometriosis 
(DIE or DE). Endometriosis with the SUP phenotype is described as the 
mildest form of this condition, characterized by the development of 
endometriotic lesions in the peritoneum. The OMA phenotype, on the 
other hand, is characterized by cystic masses arising from ectopic 
endometrial tissue that grow in the ovary. The DIE phenotype is 
considered the most difficult to treat, defined as subperitoneal lesions 
that penetrate the tissue deeper than 5 mm below the peritoneal surface 
(e.g., the uterosacral ligaments) or as lesions that infiltrate the muscular 
layer of organs surrounding the uterus, such as the bladder or intestine. 
A specific condition is adenomyosis, characterized by the infiltration of 
endometrial tissue into the uterine muscle [29,30]. The following 
symptoms are characteristic of endometriosis: severe, life-impacting 
pain, dysmenorrhea, dyspareunia, and infertility. Because endometrial 
tissue responds to hormonal stimuli regardless of its location, women 
particularly experience symptoms of endometriosis during menstrua
tion. In the most severe clinical cases of this condition, pain is not 

Fig. 2. Bibliometric trends and clinical trial characteristics in endometriosis research. (A) Annual progression of endometriosis-related publications retrieved from 
the Scopus database, with an inset highlighting the specific evolution of research focused on drug delivery systems and nanoparticle-based therapies. (B) Distribution 
of intervention types among 914 clinical trials identified via ClinicalTrials.gov. (C) Classification of clinical trials by phase status, highlighting that 712 trials are 
marked as "completed" as of June 2026.
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limited to the menstrual period but is experienced by patients practically 
constantly [17]. This is due to numerous endometriotic lesions and ad
hesions, which impair the function of the affected tissues. A constant 
feeling of pain combined with infertility is often a reason for patients' 
depression [31,32]. Infertility is also one of the most characteristic 
symptoms of this disease. It is estimated that the peak incidence of 
endometriosis falls in the age group of 25–45 years [33], and the correct 
diagnosis of this disease is made only after 8–10 years on average [34].

There are currently several groups of theories about the origin of 
endometriosis, the most common are: transplantation theory- metasta
ses of endometrial tissues to an ectopic location; metaplastic theory- 
metaplastic development of endometrial tissue on the ectopic site, and 
Müllerian remnants theory - changes of the embryonic duct remnant 
epithelium into endometrial epithelium. The most common theory of 
endometriosis origin, described in 1927, is Sampson’s implantation 
theory, in which retrograde menstruation is responsible for the forma
tion of ectopic endometrial lesions [35–37]. The transplantation theory 
assumes that endometrial tissue is transferred from the uterus to another 
location in the body. There are many potential routes for endometrial 
cell transfer, including retrograde menstruation, iatrogenic, lympho
genic, and hematogenous dissemination, which is responsible for the 
rare, extraperitoneal lesions of endometriosis. Retrograde menstruation 
is the most frequently cited route of cell migration, scientifically 
confirmed, and is a widely accepted mechanism of endometriosis his
togenesis. In this mechanism, some of the secretion flows retrogradely 
through the fallopian tubes into the peritoneal cavity. Retrograde 
menstruation is characterized by a high incidence in the female popu
lation. Studies conducted by Halme et al. confirm that up to 90% of 
women with patent fallopian tubes undergoing laparoscopy during the 
perimenstrual period have traces of menstrual blood in the peritoneal 
fluid [38]. In other metaplastic theories of endometriosis development, 
it is assumed that the peritoneal mesothelium and ovarian surface 
epithelium may undergo metaplasia into the endometrial epithelium 
and stroma, thereby inducing endometriosis [39]. The Müllerian Rem
nants Theory concerns the differentiation and migration of the Mülle
rian ducts, which develop from the coelomic epithelium and give rise to 
the fallopian tubes, uterus, and upper vagina. This theory posits that 
during fetal organogenesis, some primordial cells may spread into the 
posterior pelvic floor [40].

The development of the disease is influenced by many factors, widely 
described in the professional literature. The most important groups of 
factors influencing the development of the disease are: genetics (NFE2L3 
and HOXA10) [41], hormonal balance (mainly estradiol) [42], oxidative 
stress [43], and inflammation (macrophage activity influences impor
tant differences in the cytokine/chemokine profile) [44]. Additionally, 
other factors such as angiogenesis [45–47], environmental factors (e.g., 
exposure to dioxane, bisphenol A, polychlorinated biphenyls, and 
phthalates) [48–50], or vaginal microbiota (S. agalactiae, F. nucleatum) 
[51,52] may promote endometriosis development.

3. Diagnostics and clinical treatment strategies of endometriosis

The initial diagnostic approach for endometriosis relies on a 
comprehensive medical interview and clinical assessment [53]. While 
pelvic and abdominal examination is fundamental, its sensitivity is 
limited; a normal physical examination, even during menstruation, does 
not exclude the presence of the disease. Consequently, advanced imag
ing modalities, including transvaginal ultrasound (TVUS) and magnetic 
resonance imaging (MRI), have become the cornerstone of non-invasive 
diagnostics [54]. These techniques facilitate the identification of specific 
disease phenotypes, such as superficial peritoneal implants, ovarian 
endometriomas, and deep infiltrating endometriosis, as well as the 
concurrent presence of adenomyosis. Given that imaging accuracy is 
highly operator-dependent, examinations should be performed by spe
cialists with expertise in endometriosis protocols to maximize diagnostic 
yield [54].

Several inflammatory serum biomarkers are elevated in women with 
endometriosis compared with controls, including C-reactive protein 
(CRP), interleukin (IL)− 6, IL-8, and TNF-alpha [55]. Research con
ducted in numerous centers is constantly trying to define reliable in
dicators of this disease. As it is known, endometriosis is an 
estrogen-dependent disease, which was confirmed in human and ani
mal studies. Endometriosis is regulated through the ESRs alpha and beta 
(ESR1 and ESR2). This dysregulated receptor profile, characterized by 
an abnormally low ESR1:ESR2 ratio, fosters an estrogen-driven inflam
matory milieu and contributes to progesterone resistance, thereby 
impairing normal cellular differentiation. These molecular aberrations, 
largely sustained by aberrant epigenetic programming such as differ
ential DNA methylation, ultimately promote the survival, proliferation, 
and persistence of endometriotic cells in ectopic environments [56]. 
Challenging the prevailing paradigm of universal hyperestrogenism, Nie 
et al. demonstrated that estrogen signaling in ectopic endometrial le
sions progressively diminishes in concordance with increasing lesional 
fibrosis, with deep endometriosis lesions exhibiting biosynthetic and 
receptor activity profiles comparable to those of eutopic control tissue 
[57]. Studies are also attempting to determine the relationship between 
VEGF (vascular endothelial growth factor) levels and the development 
of endometriosis. Current evidence suggests that VEGF promotes 
angiogenesis within endometriotic lesions. However, data comparing 
VEGF levels in women with endometriosis versus healthy women are 
inconsistent [45,58–60]. Other angiogenic factors associated with 
adhesion and maintenance of endometriosis lesions, including hypoxia 
factors (ie, HIF1A), MMPs (ie, MMP9), PECAM1, and microRNAs 
(miRNAs) [46].

Regarding histopathological diagnosis, the gold standard requires 
the concurrent presence of both endometrial glands and stroma in tissue 
samples collected from outside the uterine cavity. Moreover, also 
endometrial epithelium and hemosiderin-filled macrophages may be 
detected [61].

According to the 2022 ESHRE guidelines, laparoscopy is no longer 
the gold standard for diagnosing endometriosis [54]. According to the 
diagnostic scheme proposed by the International Deep Endometriosis 
Analysis (IDEA), the basis for diagnosing endometriosis is the result of 
an expert TV ultrasound examination performed by an experienced 
physician. Magnetic resonance imaging (MRI) serves as an established 
secondary diagnostic modality. However, its diagnostic accuracy re
mains limited in detecting superficial peritoneal endometriosis or 
atypical disease localizations [54]. Consequently, laparoscopy remains 
the clinical reference standard for definitive diagnosis. This surgical 
approach is indicated for patients with high clinical suspicion of endo
metriosis who present with negative or inconclusive imaging findings, 
allowing for direct visualization and histopathological confirmation. 
[54]. In this area, the medical community is making significant ongoing 
efforts to improve current endometriosis diagnostic protocols [62].

Currently, there are no universally reimbursed, non-invasive outpa
tient diagnostic tests for endometriosis with high sensitivity and speci
ficity. Consequently, clinical research is increasingly focused on 
developing specific diagnostic tools to bridge the gap between patient 
symptoms and surgical confirmation. Recent advancements include the 
introduction of commercially available tests, such as EndoRNA 
(Poland), HerResolve (USA) Ziwig Endotest® (EU). The EndoRNA test 
measures the expression of fucosyltransferase 4 (FUT4). Higher FUT4 
expression is characteristic of endometrial cells in patients with endo
metriosis. The Medical Research Agency (Poland) is currently con
ducting a clinical trial to assess the specificity and sensitivity of the 
EndoRNA test and demonstrate its clinical utility [63,64]. The Ziwig 
Endotest® is a test that analyzes microRNAs from saliva [65]. This test 
utilizes Next-Generation Sequencing of microRNAs with AI and has been 
validated for use in patients between 18 and 43 years old. The sensitivity 
of this test was validated in clinical trials and was calculated as > 97%, 
and the specificity was 93% [66]. Although biomarkers hold potential 
for earlier diagnosis and longitudinal monitoring of disease progression, 

O. Urbanek et al.                                                                                                                                                                                                                               Biomedicine & Pharmacotherapy 201 (2026) 119734 

4 



current evidence is insufficient for their adoption as a gold standard [54, 
63]. Despite promising results from validation studies, these tests are not 
yet widely recommended by international scientific societies for routine 
clinical practice and do not replace US/MRI imaging as a first-line 
diagnostic approach.

In milder cases of endometriosis, treatment only involves reducing 
pain, monitoring the possible progression of the disease, and protecting 
the patient's fertility. A holistic approach to endometriosis treatment is 
particularly important to improve treatment outcomes and reduce 
symptoms [54]. For example, patients are encouraged to maintain a 
special diet that eliminates pro-inflammatory ingredients [54].

Surgical management of DIE requires extensive expertise [54]. The 
modern surgical paradigm prioritizes the radical resection of endo
metriotic lesions while striving to preserve the anatomical structures 
(nerve-sparing surgery). Contrary to outdated approaches, hysterectomy 
or oophorectomy is not considered a routine treatment for DIE and is 
reserved for specific, complex clinical scenarios. Given the high vari
ability and anatomical complexity of DIE, the objective remains the 
complete eradication of all visible lesions to maximize symptom relief 
and improve long-term patient outcomes [54].

4. Commercially available pharmaceuticals for endometriosis 
treatment

Contemporary pharmacological strategies for endometriosis are 
primarily directed toward symptom management and the suppression of 
disease progression, rather than the regression of established endo
metriotic lesions. For this purpose, well-known hormonal contraception 
medical devices and pharmaceuticals containing estrogens and pro
gestogens have been used for many years, e.g., intravaginal rings, pills, 
transdermal patches, intrauterine systems, long-acting implants, and 
injectable products [67] (Table 1). So far, most new studies concerning 
drug delivery in endometriosis have focused on the use of combined oral 
contraceptives. This approach is justified due to the disease character
istics, e.g., the formation of numerous endometrial foci, often 
throughout the body [67]. In this paragraph, commercially available 
products will be discussed briefly, with an indication of their main ad
vantages and disadvantages in the treatment of endometriosis. The 
therapeutic effects in the case of endometriosis, especially in the case of 
OMA and DIE, are not satisfactory. In connection with the need to 
improve the effectiveness and convenience of the endometriosis treat
ment, various drug delivery systems have been developed recently and 
are described later in the article [68] (Table 2).

4.1. Progestins and Estroprogestins

In endometriosis treatment, the progestins and estroprogestins are 
the first-line therapy (e.g., Progering®) [69,70]. These synthetic com
pounds mimic the action of progesterone or estrogen. The progestins 
inhibit the secretion of the gonadotropin-releasing hormone (GnRH) and 
other gonadotropins, in consequence suppressing the ovarian function, 
which generates a hypoestrogenic state, allowing the control of the 
symptoms and regression of endometriotic implants. The various routes 
of administration (ROA) of synthetic progesterone are in use; the most 
common is oral, but intranasal or dermal have also been proposed [71]. 
However, this approach for endometriosis treatment is not fully effec
tive. As it was demonstrated, no improvement after hormonal-based 
therapy was noted in one-third of patients with endometriosis [72,73]. 
This problem was first noticed in the 1980s by Vierikko et al. [74], 
leading to the hypothesis of endometriosis resistance to progesterone, 
which was later proved by Attia et al. [75]. As it was analysed, it is 
caused by a significant reduction in progesterone receptors, particularly 
the active PR-B isoform [76]. In consequence, progesterone functions, 
transitioning the endometrial cells from the proliferative to the secretory 
stage, are inhibited and contribute to the development of endometriosis. 
Progesterone resistance regulated by cell signalling has been studied so 

far in the context of the Hippo signalling pathway, microRNA and ERK 
pathway, PI3K/AKT pathway, the Notch pathway, and others [76]. For 
these reasons, there was a need to search for substances that better 
match the specificity of this disease and provide better therapeutic ef
fects, e.g., selective progesterone modulators described later or aroma
tase inhibitors, described later.

Estroprogestins are a combination of estrogens and progestogens. 
They act by inhibiting ovulation and stabilizing hormone levels, which 
leads to a reduction in the production of estrogens, the main factor 
stimulating the growth and maintenance of endometrial lesions. 
Consequently, this reduces pain symptoms, such as chronic pelvic pain. 
The most commonly used preparations are combined oral contraceptives 
containing ethinylestradiol in combination with various progestogens 
[77].

4.2. Gonadotropin-Releasing Hormone (GnRH) Agonists

An alternative to the above substances is GnRH agonists, which are a 
second-line treatment [78]. However, their evaluation parameters have 
been inconsistent. GnRH agonists represent a reasonable choice for 
second-line treatment. The effect of these agents on fertility has been 
previously discussed [79]. In addition to the benefits, there are side 
effects such as hot flashes, sweating, and loss of bone minerals, espe
cially with long-term use [80]. An example of GnRH agonists is dieno
gest, leuprorelin (Eligard®) suppress ovarian function and block the 
release of gonadotropins [81]. As a result, the body enters a hypo
estrogenic state, which reduces pain and endometrial inflammation. 
Lately, a case report from 2025 showed that leuprorelin can be an 
effective treatment for reducing endometriosis symptoms [82]. In the 
case of dienogest, the results published in 2022 revealed that a 2 mg 
dose of dienogest administered per 24 months did not improve the EAPP 
in 16.3% of the patients, and 5.1% reported deterioration [83].

4.3. Aromatase Inhibitors

Aromatase inhibitors are drugs that inhibit the enzyme responsible 
for converting androgens into estrogens. Because estrogens promote the 
growth and maintenance of endometriosis lesions, reducing their syn
thesis leads to a reduction in the activity and size of endometrial lesions. 
Drugs such as letrozole and anastrozole are particularly effective in 
patients with endometriosis refractory to standard treatment, especially 
when used in combination with progestogens or GnRH analogues, 
thereby simultaneously reducing the symptoms associated with estrogen 
deficiency [84]. A clinical trial from 2021 shows that aromatase inhib
itor (Anastrozole) used with Mirena® (intrauterine device 
levonorgestrel-releasing system) can reduce the pain and delay endo
metriosis relapses [85]. However, there are no significant changes 
compared to using the Mirena® system alone. This issue requires further 
detailed research.

4.4. Selective Progesterone (SPRMs) and Estrogen Modulators (SERMs)

SPRMs are medications that work by inhibiting endometrial prolif
eration to minimize endometrial lesions. They work by partially block
ing or activating progestin receptors and have minimal side effects 
similar to GnRH agonist therapy. The most well-known examples of 
these medications are ulipristal acetate [86] and mifepristone (RU486) 
[87], but also asoprisnil, telapristone acetate, and vilaprisan [88]. The 
former acts through partial agonist-antagonist modulation of proges
terone receptors, while the latter exhibits a strong antagonistic effect on 
the progesterone receptor and, at higher doses, also on the glucocorti
coid receptor. Both medications alleviate pain but also inhibit ovulation, 
may occur as an intrauterine implant [89,90].

Selective estrogen modulators (SERMs) exhibit tissue-selective es
trogenic or antiestrogenic effects and are considered potential therapies 
for endometriosis. Their mechanism involves inhibiting the effects of 
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estrogen on endometrial lesions while maintaining their beneficial ef
fects in other tissues [91]. Raloxifene has been evaluated in clinical 
trials, but has not demonstrated efficacy in reducing endometriosis pain. 
Recent studies indicate that fluorination may reduce its toxicity [92]. 
TAS− 108 (bazedoxifene) is a newer SERM with potent antiestrogenic 
effects in the endometrium, which remains in experimental develop
ment [93]. Currently, SERMs are not standard treatment for endome
triosis and require further clinical evaluation.

4.5. Danazol

Danazol is a synthetic androgen that inhibits the secretion of lutei
nizing hormone (LH), acting as a gonadotropin inhibitor. It is used in the 
treatment of endometriosis and for the symptomatic relief of severe pain 
and tenderness associated with benign cystic mastopathy [94]. A study 
demonstrated that the use of danazol co-crystals with malonic acid 
significantly increased the drug's solubility, potentially improving its 
therapeutic efficacy in endometriosis. The optimized tablet formulation 
(e.g., Danazol®/Danol®/Danocrine®) demonstrated rapid disintegra
tion and a high degree of active ingredient release, exceeding 
commercially available formulations, confirming the potential of coc
rystallization to improve danazol bioavailability. These results indicate 
that cocrystallization and formulation optimization may be an effective 
strategy for improving the bioavailability of danazol in the treatment of 
endometriosis [95].

4.6. Recent Innovations In Therapeutics For Endometriosis Treatment

Recent innovations in the treatment of endometriosis have focused 
on developing therapies that are both effective and better tolerated by 
patients. An interesting path of research may be the use of statins, spe
cifically simvastatin. Simvastatin, a 3-hydroxy− 3-methylglutaryl coen
zyme A (HMG-CoA) reductase inhibitor, has been widely used in 
cardiovascular diseases and can lower LDL cholesterol levels. It may also 
have applications in cancer therapy, including ovaries, colon, leukemia, 
prostate, breast, endometrium, and lately the endometriosis treatment 
[96–99]. In vitro studies have shown that simvastatin inhibits the pro
liferation of endometrial cancer cells (HEC− 1A and RL95–2) and 
mesenchymal stem cells associated with endometrial cancer 
(EmCaMSC) [97]. In subsequent pilot studies, liposomal nanoparticles 
with simvastatin were tested on xenografted tissues from patients in an 
in vivo mouse model and showed a reduction in inflammatory foci; 
however, more detailed studies are necessary [100]. Scientists also 
assessed the effect of simvastatin on the Wnt/β-catenin pathway, the 
disruption of which leads to benign tumors of the female reproductive 
system. Simvastatin has been shown to have a beneficial effect on 
uterine leiomyomas by inhibiting Wnt/β-catenin [101].

Also, oxidative stress plays an important role in the pathogenesis of 
endometriosis, which is why, in recent years, numerous studies have 
been conducted on drugs with antioxidant and antiangiogenic effects, 
which may limit its impact on the development of the disease. Firstly, 
matrix metalloproteinases (MMPs) and their natural inhibitors (TIMPs), 
which participate in tissue remodeling and influence the invasiveness of 
endometrial lesions, have been shown to inhibit the activity of MMPs or 
increase the expression of TIMPs. These inhibitors can inhibit matrix 
degradation processes and thus hinder the development of endometrial 
lesions [102–104]. Concurrently, research is underway on immuno
modulators aimed at restoring the proper balance in the immune system 
of patients with endometriosis. Examples of such compounds include 
muramyl dipeptide and N-acetylglucosaminyl-N-acetylmur
amyl-L-alanyl-D-isoglutamine, which may influence macrophage activ
ity and modulate the inflammatory response in ectopic endometrial 
tissue [105]. Immune checkpoint inhibitors, such as anti-CTLA− 4 an
tibodies, are also being investigated in the context of immune therapies. 
They may influence T-cell activation and modulate the immune 
response in the endometrial environment [106]. Another promising 

research direction is the use of interfering RNA (siRNA), which enables 
the selective silencing of genes involved in inflammation, angiogenesis, 
and endometrial cell proliferation. SiRNA therapy allows for targeted 
interventions on specific molecular pathways, minimizing the risk of 
side effects typical of traditional hormonal therapies [107].

Verteporfin is being investigated experimentally as a potential 
therapy for endometriosis due to its ability to inhibit the YAP/TAZ 
pathway, which plays a crucial role in the proliferation and survival of 
endometrial cells. This drug exhibits antiproliferative and proapoptotic 
effects in endometriosis cells, independent of the classic estrogen 
pathway. YAP/TAZ has been shown to play a significant role in pro
gestogen resistance by regulating the PI3K-Akt pathway in ECs, which 
may represent a new avenue for clinical development of targeted ther
apy for progestogen resistance. Additionally, verteporfin, as a YAP/TAZ 
inhibitor, can enhance the sensitivity of Ishikawa PR cells to pro
gestogens both in vivo and in vitro [108]. Currently, verteporfin is not 
used clinically in endometriosis and remains an investigational drug.

5. Nanotechnology and novel drug delivery techniques for 
endometriosis treatment under pre-clinical studies

Achieving effective endometriosis remission via conventional ther
apeutic modalities remains a significant clinical challenge, largely 
attributable to the limited penetration of drugs into deep, fibrotic lesions 
and the lack of specificity inherent in systemic hormonal protocols [54, 
146]. Addressing these obstacles, modern biomaterials engineering is 
pivoting toward systems with precisely designed functionalities. To 
date, studies have primarily focused on utilizing nanoparticles as a drug 
carrier in targeted therapy for endometriosis [144,145]. In this chapter, 
the advanced therapeutic platform will be discussed, which can be 
categorized into two primary functional classes. The first focuses on 
optimizing the physicochemical properties of carriers to circumvent 
biological barriers—specifically the rigid, pro-fibrotic extracellular 
matrix (ECM)—thereby facilitating efficient drug diffusion into the 
lesion core (Chapter 5.1) [146]. The second category encompasses 
intelligent nanostructures engineered for multifunctional synergy, 
integrating ablation techniques (e.g., photothermal therapy), the in
duction of controlled cell death (including ferroptosis), and precise 
modulation of the immune microenvironment within a single carrier 
(Chapters 5.2 and 6). This approach transcends classical pharmacoki
netics, enabling a radical enhancement in therapeutic precision while 
simultaneously minimizing systemic toxicity and collateral damage to 
healthy surrounding tissues [147,148].

5.1. Nanoparticles

5.1.1. Lipid nanoparticles (LNPs)
Lipid nanoparticles (LNPs)—including liposomes, solid lipid nano

particles (SLNs), and nanostructured lipid carriers (NLCs)—represent a 
versatile drug delivery platform for endometriosis [149]. These systems, 
composed of biocompatible lipids (e.g., phospholipids, glycerides), 
facilitate the encapsulation and controlled release of therapeutic agents, 
addressing bioavailability limitations [150–154] (Fig. 3). NLCs, char
acterized by a hybrid solid-liquid lipid matrix, offer superior transport 
capacity and drug loading stability compared to traditional systems 
[155]. These properties are critical for targeted endometriosis treat
ment. For instance, RGD-modified NLCs facilitate the delivery of sil
denafil citrate to endometrial cells by binding to surface integrins, 
thereby modulating VEGF and LIF levels to improve endometrial 
receptivity [156].

What is more, in vitro implantation assay indicated that these NPs 
enhance the rate of endometrial attachment potential, demonstrating 
that NLC-RGD serves as an effective drug delivery system for sildenafil 
citrate to endometrial cells, thereby improving endometrial receptivity 
[156]. Similarly, encapsulating tamoxifen in SLNs has been shown to 
reduce oxidative stress and downregulate estrogen receptor- alfa and 
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Table 1 
List of commercially available products (as well as products in clinical trials) used in the treatment of endometriosis.

ACTIVE SUBSTANCE PRODUCT 
TRADE NAME

MAIN INDICATION INDICATION IN 
ENDOMETRIOSIS

EFFECT MARKET 
AVAILABILITY

REF.

VAGINAL RINGS
Combination of steroids: 

etonogestrel and ethinylestradiol
NuvaRing® Contraception Symptoms 

limitation
The released hormones block 
the ovaries, preventing the 
release of an egg cell

Available [109–111]

Progesterone Fertiring® Contraception Symptoms 
limitation

Prevent the growth of ectopic 
endometrial tissue, thereby 
reducing pain and 
inflammation.

Available [111]

Progering® Contraception Symptoms 
limitation

Available

Etonogestrel Ornibel® 
MyRing™ 
SyreniRing® 
EluRyng™ 
Perlinring

Contraception Symptoms 
limitation

Releases hormones directly 
into the bloodstream, 
avoiding the liver's first-pass 
effect

Available [110,112, 
113]

17β-estradiol Estring® Menopause treatment Symptoms 
limitation

Estradiol ultimately 
replenishes estrogen 
deficiency after menopause. 
When used in the treatment of 
endometriosis, it alleviates 
symptoms such as vaginal 
dryness and irritation, 
improves the condition of the 
epithelium and mucosa, and 
supports normal urinary and 
reproductive system function.

Available [114,115]

Segesterone acetate and ethinyl 
estradiol

Annovera™ Contraception Symptoms 
limitation

The hormones contained in 
the disc prevent the release of 
the egg from the ovary

Rarely available [116]

NON-COMMERCIAL VAGINAL RINGS
Levonorgestrel - Contraception Symptoms 

limitation
- Clinical trials [117]

Nestorone - Contraception Symptoms 
limitation

- ​ [118]

Nestorone and ethinylestradiol - Contraception Symptoms 
limitation

- Clinical trials [119]

TRANSDERMAL PATCHES
Ethinyl estradiol Ortho Evra® Contraception Symptoms 

limitation
Regulating menstruation, 
reducing the amount of 
bleeding and pain in 
endometriosis

Available [120]

Estradiol + Norethisterone CombiPatch® Reduces menopausal 
symptoms

Symptoms 
limitation

Suppresses ovulation, reduces 
the proliferation of 
endometrial foci, and controls 
bleeding

Available [121]

Estradiol Estradot® Reduces menopausal 
symptoms

Symptoms 
limitation

Stabilize hormone levels and 
can be used as part of 
combination therapy (with 
progestogen) to reduce 
symptoms and prevent 
recurrence of endometriosis

Available [122]

Estradiol FemSeven® Reduces menopausal 
symptoms

Symptoms 
limitation

Reduce symptoms of 
endometriosis

Available [123]

Estradiol Evorel® Reduces menopausal 
symptoms

Symptoms 
limitation

Reduce symptoms of 
endometriosis

Available [124]

INTRAUTERINE SYSTEMS
Levonorgestrel Mirena® Contraception Symptoms 

limitation
Reducing the growth of the 
endometrium, which relieves 
menstrual pain, inflammation, 
and excessive bleeding

Available [125]

Levonorgestrel Kyleena® Contraception Symptoms 
limitation

It releases progestogen locally, 
inhibiting endometrial 
proliferation and reducing 
symptoms associated with 
endometriosis, such as 
bleeding and pain, with less 
systemic action.

Available [126]

Levonorgestrel Levosert® Contraception Symptoms 
limitation

Reduction of bleeding Available [127]

LONG-ACTING IMPLANTS
Progestin etonogestrel Implanon® Contraception Symptoms 

limitation
Effective in treating pain 
associated with menstrual 
bleeding in endometriosis 
sufferers.

Available [128]

(continued on next page)
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Table 1 (continued )

ACTIVE SUBSTANCE PRODUCT 
TRADE NAME 

MAIN INDICATION INDICATION IN 
ENDOMETRIOSIS 

EFFECT MARKET 
AVAILABILITY 

REF.

Levonorgestrel Jadelle® Contraception Symptoms 
limitation

Inhibition of ovulation and 
prevention of endometrial 
changes may alleviate 
symptoms (pain, bleeding).

Available [129]

Levonorgestrel Sino-implant® / 
Levoplant®

Contraception Symptoms 
limitation

May reduce the proliferation 
of the mucosa, inhibit 
ovulation, which translates 
into symptoms associated 
with endometriosis foci

Available [130]

Levonorgestrel LNG-IUSs Contraceptive Symptoms 
limitation

reduced pain and menstrual 
blood loss

Available [131]

INJECTABLE PRODUCTS
Medroxyprogesterone acetate Depo-Provera® Contraception Symptoms 

limitation
Treatment for pelvic pain 
caused by endometriosis

Available [132]

Medroxyprogesterone acetate Lupron Depot® Prostate cancer 
treatment

Symptoms 
limitation

Reducing endometrial 
inflammation

Available [133]

Goserelin Zoladex® Prostate cancer 
treatment

Symptoms 
limitation

An anticancer drug that works 
by reducing the concentration 
of sex hormones; pain control

Available [134]

Leuprorelin Eligard® Anti-cancer treatment Symptoms 
limitation

Painkiller Available [135]

Norethisterone enanthate Noristerat® Contraception Symptoms 
limitation

Inhibiting the progression of 
endometrial lesions, used in 
women who do not tolerate 
estrogens or prefer the 
injectable form.

Available [136]

ORAL ADMINISTRATION
Mifepristone Mifepristone® Misoprostol is used to 

prevent stomach and/or 
duodenal ulcers in 
people taking non- 
steroidal anti- 
inflammatory drugs.

Symptoms 
limitation

A synthetic drug used in 
medicine to terminate early 
pregnancy; a progesterone 
and glucocorticoid receptor 
antagonist

Available [87]

Ulipristal acetate EllaOne® Contraception Symptoms 
limitation

A selective progesterone 
receptor modulator that 
inhibits endometrial cell 
growth and reduces tumor 
size.

Available [137]

Danazol Danazol® / 
Danol® / 
Danocrine®

Pelvic pain Symptoms 
limitation

Gonadotropin inhibitor leads 
to inactivation and atrophy of 
normal and ectopic 
endometrium, causing 
regression of lesions in most 
cases

Available [95]

Dienogest Visanne® Endometriosis 
treatment

Symptoms 
limitation

Inhibits endometrial 
proliferation, causes atrophy 
of endometrial lesions, and 
reduces pain and bleeding. It 
works without estrogen, so it 
doesn't cause hormonal 
fluctuations.

Available [138]

Dienogest Visabelle®/ 
Dienogest/Teva 
/Dienorette

Endometriosis 
treatment

Symptoms 
limitation

Inhibit ovulation, reduce 
endometriosis foci, and 
relieve pain.

Withdrawn/ 
available/ 
Withdrawn/ 
Withdrawn

[139]

Desogestrel / Drospirenone / other 
progestogens

Visanova®, 
Nacrez®, 
Azalia®, 
Slinda®

Contraception Symptoms 
limitation

Inhibit ovulation and cause 
endometrial atrophy.

Available [140]

Ethinylestradiol + drospirenone/ 
dienogest/estradiol valerate

Yasmin®, 
Yasminelle®, 
Jeanine®, 
Qlaira®

Contraception Symptoms 
limitation

Stop the menstrual cycle and 
reduce the symptoms of 
endometriosis (pain, 
bleeding).

Available [141]

Elagolix / Relugolix / Linzagolix Orilissa® (USA) 
/ Relugolix®, 
Linzagolix

Endometriosis 
treatment

Symptoms 
limitation

They reduce estrogen 
production without the need 
for injections. They 
significantly reduce menstrual 
and chronic pain.

Available [80]

Medroxyprogesterone acetate 
(MPA)

Provera® Endometriosis 
treatment

Symptoms 
limitation

Inhibits ovulation and 
endometrial proliferation and 
reduces pain.

Available [142]

PHARMACEUTICALS IN CLINICAL TRIALS
Ulipristal acetate - Endometriosis 

treatment/oral 
administration

Symptoms 
limitation

Reduction of symptoms in 
women suffering from chronic 

Clinical trials [143]

(continued on next page)
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VEGF-A gene expression in vivo [157]. Furthermore, pilot studies indicate that liposomal delivery of simvastatin to adenomyotic lesions 

Table 1 (continued )

ACTIVE SUBSTANCE PRODUCT 
TRADE NAME 

MAIN INDICATION INDICATION IN 
ENDOMETRIOSIS 

EFFECT MARKET 
AVAILABILITY 

REF.

pelvic pain associated with 
endometriosis.

Goserline Acetate / Dienogest - Endometriosis 
treatment/injection

Symptoms 
limitation

Reduction of pain and 
symptoms of endometriosis.

Clinical trials [144]

Ulipristal acetate - Endometriosis 
treatment/oral 
administration

Symptoms 
limitation

Pain and bleeding control for 
women with adenomyosis.

Clinical trials [145]

Fig. 3. Characterization of developed liposomal nanosystem modified with cRGD/iRGD peptide sequence obtained by thin layer method. Various methods of 
characterization (A) Cryo-TEM, (B) AFM, (C) hydrodynamic particle sizes (D) ζ potentials, (E,F) Stabilities of developed system in deionized water, PBS, and 10% FBS 
and (G,H) in vitro releases of drugs (disulfiram and PHTPP) show that physicochemically it can specifically and safely deliver drugs to endometriotic lesions. 
Reprinted from Ref. [147]. Copyright 2025. Elsevier.
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significantly reduces lesion size and proliferative markers such as Ki67 
[100]. The results of Michel et al. show that adenomyotic xenografts 
grew at similar rates until day 14, when the xenografts from the 
simvastatin-NP group began shrinking compared to the two other 
groups. At the final measurement on day 28, the simvastatin-NP group 
had shrunk to a statistically significantly smaller volume compared to 
the control group and compared to the simvastatin group [100]. Given 
the shared inflammatory and genetic pathways between endometriosis 
and cancer (e.g., HOXA10 dysregulation) [16,158–161], oncological 
delivery strategies are being adapted for this condition. Specifically, 
lipid nanoparticles (LDE) exploit the upregulated low-density lipopro
tein (LDL) receptors found in endometriotic foci [158–160]. Because 
LDL receptors are upregulated in cancer cell tissues. Badin et al. verified 
this idea for application in endometriosis treatment [149]. Results 
indicated that endometriotic foci showed significant LDE uptake, with 
increased LDL consumption by these cells, similar to cells in cancers and 
inflammatory diseases. Afterward, in 2023, a pilot clinical study on 
LDE-methotrexate (MTX) demonstrated symptomatic relief in pelvic 
pain and dysmenorrhea without significant adverse events, confirming 
the potential of this approach [162].

Although LNPs are currently widely used in medicine, due to their 
ability to protect the payload from degradation, improve solubility, and 
enable targeted delivery to specific sites, in endometriosis treatment is 
just beginning to be studied. The application of LNPs in endometriosis 
therapy represents a significant shift toward precision medicine, 
leveraging biomimetic properties to overcome the limitations of tradi
tional hormonal and surgical interventions [163,164]. A critical 
advantage of LNPs and related lipid-based structures, such as micelles, is 
their ability to address the dense fibrotic interstitium characteristic of 
deep infiltrating endometriosis [100,156,157]. While bulkier biomate
rial platforms like hydrogels often fail to penetrate deep into diseased 
tissues or cross cellular membranes, the small size and fluid lipid bilayer 
of LNPs facilitate membrane fusion and efficient cellular internalization. 
This enhanced tissue permeability is essential for delivering therapeutic 
payloads through the fibrotic barriers and adhesions that frequently 
distort the neighbourhood of endometriosis lesions. Furthermore, 
nanostructured lipid carriers (NLCs) offer a more stable iteration of these 
platforms, providing high encapsulation efficiency and sustained drug 
release profiles that can alleviate neuropathic and inflammatory pain 
over extended periods [100,157,165,166].

Despite these opportunities, significant limitations hinder the broad 
clinical adoption of LNP-based therapies. Compared to polymeric or 
metallic nanoparticles, lipid-based systems exhibit lower thermody
namic and physical stability [167]. They are highly susceptible to 
oxidation, hydrolysis, and premature drug leakage when exposed to li
pases and surfactant proteins in biological fluids. Additionally, there are 
substantial concerns regarding the potential for LNPs to accumulate in 
the liver and other healthy organs, with the long-term consequences for 
a patient’s overall health and future reproductive potential remaining 
largely unknown. In the case of endometriosis, local administration can 
also be used, which may be a solution to the above-mentioned problems 
related to the specificity of these materials. While RNA-LNP formula
tions show immense promise for gene editing and silencing overactive 
pathways in endometriosis, most research remains at the preclinical 
stage, and the gap between successful rodent models and confirmed 
clinical safety in humans is substantial [168]. Future development must 
therefore focus on enhancing the physical robustness of these carriers 
and ensuring targeted precision to minimize off-target toxicity before 
they can be considered a reliable clinical standard.

5.1.2. Synthetic polymer nanoparticles
Polymeric nanoparticles (NPs), comprising synthetic, natural, or 

copolymeric matrices, represent a versatile platform for the targeted 
management of endometriosis [169]. One such NPs is dendrimers – 
monodisperse, spherical, highly branched polymers. Wang et al. used 
PAMAM dendrimers as a gene vector [170]. Results showed that 

PAMAM provided greater DNA protection than the naked plasmid or 
Lipofectamine-protected plasmid, as the DNA level reduced marginally 
under PAMAM protection. Moreover, the use of PAMAM dendrimers 
inhibited the growth of the endometriotic lesion in vivo at days 15, 20, 
25, and 30, as identified by noninvasive monitoring following the 
administration of a single dose of endostatin from different medications 
into the endometrial lesion. Immunohistochemistry results proved that 
endostatin-loaded PAMAM reduced the microvessel density through an 
antiangiogenic mechanism [170]. Beyond gene therapy, PLGA-based 
nanoparticles offer a robust framework for delivering 
anti-inflammatory and anti-angiogenic compounds. Recent evidence 
indicates that encapsulation of flavonoids, such as chrysin, into 
PLGA-NPs significantly improves their bioavailability and down
regulates pro-inflammatory cytokines, including IL-1β, IL-6, and Tnf-α, 
as well as Mmp9-mediated tissue remodeling [171]. Furthermore, 
innovative nanosystems, such as anti-CTLA− 4-loaded PLGA-NPs, have 
been shown to modulate the immunological microenvironment in 
peritoneal fluid by regulating CD4 + CD25 + Treg cell populations, 
thereby inhibiting the proliferation and invasion of ectopic endometrial 
cells [172].

Gene therapy via miRNA and siRNA delivery represents an emerging 
frontier. MicroRNAs, which naturally regulate protein synthesis, have 
been successfully encapsulated into NPs to promote apoptosis in endo
metriotic cyst stromal cells (ECSCs). Moreover, several studies have 
reported aberrant miRNA expression in endometrial tissue cells from 
women affected by this disease [49,173]. Chaichian et al. encapsulated 
miR− 503, as it is involved in the apoptosis of endometriotic cyst stromal 
cells (ECSCs) by inhibiting the cell cycle and thus preventing their 
proliferation [174]. This study demonstrates that nanoparticle-mediated 
drug delivery significantly reduces the viability of ectopic endometrial 
cells, driven by efficient intracellular accumulation in the nucleus and 
cytoplasm. Furthermore, in vivo assessment in murine models confirmed 
a significant regression of endometriotic lesions following a 3-week 
treatment protocol [174]. Furst et al. developed PEGylated 
DSPE-PEG2000 lipoplexes, incorporated into lyophilized hydroxyethyl 
cellulose (HEC) hydrogels, to facilitate vaginal siRNA delivery. These 
lipoplexes (approx. 200 nm) exhibited > 95% complexation efficiency, 
high stability in simulated vaginal fluid (SVF), and optimal diffusion 
characteristics without aggregation. The system maintained structural 
integrity post-lyophilization, suggesting that these engineered 
hydrogel-based vectors are a robust platform for siRNA-mediated 
endometriosis therapy [175].

In the treatment of endometriosis, achieving high therapeutic effi
cacy while minimizing systemic side effects necessitates the use of tar
geted drug delivery systems. Thus, modifying nanoparticles' surfaces 
yields the desired results, as the mechanism of cell uptake shifts from 
endocytosis to active targeting via membrane receptors [151] (Figs. 4 
and 5). Experiment results showed that liposome application can 
improve the therapeutic effect of artesunate, a drug primarily used in 
malaria treatment, but which may find application in the treatment of 
endometriosis, as it exhibits anti-angiogenic properties. Moreover, the 
therapeutic efficacy of the drug delivery system in vivo showed a 
noticeable decrease in lesion volume, as developed liposomes were able 
to target these lesions [151] (Figs. 4 and 5).

Protein-based nanocarriers, particularly those utilizing albumin, 
offer a robust strategy for receptor-mediated drug delivery in endome
triosis. Zhang et al. engineered a bovine serum albumin (BSA)-based 
system, loaded with mifepristone (BSA@Mif), designed to bind specif
ically to the SPARC receptor overexpressed on M2-like macrophages 
within ectopic lesions, which are highly abundant in ectopic endome
trial tissue [176]. In vitro studies revealed that BSA@Mif conjugates not 
only improved cellular uptake but also promoted immunogenic cell 
death and the polarization of macrophages from an M2-like to an 
anti-inflammatory M1 phenotype. Concurrently, these nanoparticles 
effectively suppressed the proliferation of ectopic endometrial cells. In 
vivo findings validate this immunomodulatory strategy, demonstrating a 
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reduced lesion burden and an effectively modulated immune microen
vironment in murine models of endometriosis [176].

Synthetic polymer nanoparticles offer significant opportunities for 
precision medicine due to their customizable architectures and 

Fig. 4. Schematic illustration of targeted delivery of artesunate by the nanodrug cRGD-LP-ART to inhibit angiogenesis in endometriosis. Shortly, the nanosystem, 
after injection into the body, reaches the blood vessels around ectopic lesions, where it penetrates cells thanks to cRGD modification and releases the drug – 
artesunate. This drug suppresses HIF− 1α and VEGF expression, leading to inhibited angiogenesis. Reprinted with permission from Ref. [148]. Copyright 2025. Royal 
Society of Chemistry.

Fig. 5. TEM images and particle size of (A) liposome nanosystem loaded with artesunate (B) liposome nanosystem loaded with artesunate modified with cRGD. (C) 
In vitro release of the drug from cRGD-LP-ART in PBS (pH 7.4). (D) Stability changes in the particle sizes and PDI of LP-ART and cRGD-LP-ART within 7 days. (E) 
Schematic representation of the course of the experiment on the animal model (F) (left) In vivo real-time image of the distribution of two kinds of developed lipid 
nanoparticle based drug delivery system (the red circle indicates the location of the ectopic lesion) as well as ex vivo imaging of ectopic lesions, eutopic uteri and 
major organs harvested from endometriosis mice 24 h after administration of cRGD-LP-ART or LP-ART (right). (G) Photograph of ectopic lesions excised from 
endometriosis mice after applying different treatments. (H) Quantitative statistical analysis of the volume of ectopic lesions after different treatments. ns, no sig
nificance, and *p < 0.05. (I) The protein expression of HIF− 1α and VEGF in ectopic lesions after receiving different treatments. (J) The typical images of CD31 
immunohistochemical staining of ectopic lesions. Arrows indicate positive cells for CD31 (scale bar = 50 μm). Reprinted with permission from Ref. [148]. Copyright 
2025. Royal Society of Chemistry.
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tailorable degradation rates, which allow for the sustained and 
controlled release of therapeutic agents—such as hormonal drugs, an
tioxidants, or gene-silencing siRNA—over periods ranging from weeks 
to months [148,149,171,172,176,177]. By maintaining high local drug 
concentrations, these nanoparticles can effectively modulate the lesion 
microenvironment and reduce the need for frequent dosing, thereby 
minimizing the systemic side effects typically associated with conven
tional oral hormonal treatments [171,174]. Furthermore, their surfaces 
are highly amenable to functionalization with ligands like hyaluronic 
acid (HA) or RGD peptides, enabling targeted delivery to specific re
ceptors (e.g., CD44 or integrins) that are overexpressed in endometriotic 
lesions [172].

However, the efficacy of synthetic polymeric nanoparticles is criti
cally hindered by the dense fibrotic interstitium and pelvic adhesions 
characteristic of the disease [146,147,178,179]. These fibrotic barriers, 
resulting from chronic inflammation, create a mechanical blockade that 
severely restricts the passive diffusion and penetration of therapeutic 
molecules into the core of deep endometriotic implants [146]. While 
larger polymeric platforms and traditional nanoparticles often lack the 
inherent ability to deeply penetrate these thick tissues or cross cellular 
membranes, smaller structures like polymeric micelles are increasingly 
favored for their enhanced tissue permeability, which allows them to 
navigate the fibrotic barriers more effectively than bulkier carriers [146, 
147]. Consequently, the delivery of drugs through discrete polymeric 
nanoparticles remains largely limited to superficial peritoneal lesions 
unless they are specifically engineered for high tissue permeability 
[146].

Beyond tissue penetration, several significant limitations restrict the 
clinical translation of these structures. A primary concern is the gener
ation of degradation products, such as glycolic and lactic acids, which 
can lower the local pH of the lesion microenvironment, potentially 
triggering further inflammation or accelerating the degradation of acid- 
sensitive therapeutic substances [146]. Finally, most current evidence is 
derived from rodent models, which are often incapable of predicting 
clinical efficacy or long-term safety in humans [180,181]. Future 
research must therefore focus on developing smart, stimuli-responsive 
polymers that can bypass fibrotic barriers while ensuring the biosafety 
of their degradation profiles before they can be established as a clinical 
standard [148,182]. This approach will be discussed later in the article.

5.1.3. Inorganic nanoparticles

5.1.3.1. Nanostructural cerium oxide. Literature shows many different 
approaches in this field covering a variety of inorganic nanostructures. 
One of them is nanoceria (nanostructural cerium oxide), working as the 
scavenging agent of free radicals that protects against oxidative stress in 
diseased tissues [178]. Rahman et al. propose a nanoceria-based com
posite in which nanoceria clusters grow on albumin substrate as a 
promising nanotherapeutic platform for endometriosis treatment. The 
effectiveness of albumin-nanoceria composite was investigated on 
tofacitinib-treated mice and compared to the bare tofacitinib effect. 
Importantly, despite anti-inflammatory activity and significant reduc
tion of the lesions' growth, tofacitinib, as JAK/STAT pathway inhibitor, 
resulted in pregnancy loss due to its immunosuppressive activity. In the 
presence of nanoceria that modulates the local oxidative stress and 
inflammation, the adverse effect of tofacitinib was decreased, improving 
reproductive outcomes with maintained therapeutic effects [183].

Nevertheless, despite promising effectiveness in endometriosis 
treatment, nanoceria is also considered cytotoxic, which can lead to 
DNA damage [184]. Research by Courbiere et al. [185] and Ariu et al. 
[186] discuss the interactions between nanoceria and reproductive cells 
in vitro, particularly oocytes. Studies show that nanoparticles did not 
penetrate the oocyte cytoplasm but affected surrounding somatic cells 
and oocyte integrity. Higher concentrations of nanoceria were associ
ated with increased DNA damage and disruption of cellular structures, 

while lower doses showed promising protective effects by reducing 
oxidative stress, cell apoptosis, preserving cytoskeletal organization, 
and improving blastocyst formation and cell viability. Ceria NPs can also 
cause genetic mutations, while their toxicity remains complex and re
quires a deeper understanding of the mechanisms behind the cellular 
uptake and studies after prolonged exposition [187]. Therefore, the role 
of the drug itself needs detailed studies covering long-term influence on 
the tissues.

5.1.3.2. Iron oxide nanoparticles (IONPs). In contrast to nanoceria, iron 
oxide offers high potential for biomedicine for its biocompatibility 
[188–190]. Iron oxide nanoparticles (IONPs) have become a powerful 
tool in disease treatment (i.e., cancer) due to their unique magnetic 
properties. Specifically, superparamagnetic iron oxide nanoparticles 
(SPIONs) can be manipulated using external magnetic fields, enabling 
targeted drug delivery and localized magnetic hyperthermia therapy. 
Iron oxide nanoparticles (IONPs) can effectively reduce the level of 
reactive oxygen species (ROS) by converting them into water molecules 
as potential cofactors for enzymatic antioxidants [191]. They can be 
easily modified onto the surface with various compounds, including 
drugs, enabling facile conjugation and incorporation into polymer 
matrices, broadening their functionalities [192].

IONs can also serve as efficient contrast agents as an alternative to 
classical gadolinium-based contrasts, enhancing resolution and main
taining high precision in recognition of diseased tissues. For the diag
nosis of endometriosis, IONs were tested by, among others, Kalyani et al. 
[193]. Authors tested multi-walled carbon nanotubes and magnetite 
nanoparticles (MWCNT-Fe3O4) dispersed in chitosan (CS) with immo
bilized monoclonal antibodies for the selective electrochemical 
immuno-sensing of carbohydrate antigen 19–9 (CA19–9), a potential 
biomarker for endometriosis diagnostics. Moreover, biocompatibility 
and ability to respond to magnetic stimuli make IONs ideal candidates 
for controlled release systems and theranostic applications that combine 
diagnosis and therapy in a single platform [194–196]. Gao et al. pro
posed SPIONs as a cargo for miR− 326 as a promising strategy for 
treating endometrial carcinoma, by targeting and silencing a major 
tumor-promoting signaling pathway [197]. In vitro and in vivo experi
ments prove that miR− 326@SPIONs conjugate can significantly inhibit 
the growth of human endometrial carcinoma stem cells (HuECSCs), 
reducing the expression of members of the GPR91/STAT3/VEGF 
pathway, and concurrently limiting the phosphorylation of key mole
cules in this pathway in HuECSCs. Chen et al. demonstrated a SPIONs 
system for paclitaxel and irinotecan delivery to endometriotic cancer, 
proving the non-cytotoxicity of the bare matrix and enhanced reduction 
of cell viability for drugs modified SPIONs-containing PLGA with 
real-time monitoring of the controlled drug release [198]. The first 
article concerning magnetic hyperthermia for endometriosis treatment 
was published by Park et al. in 2022 [179]. The hexagonal SPIONs were 
modified with a peptide targeted to vascular endothelial growth factor 
receptor 2 (VEGFR− 2) to promote its capture by endometriotic cells. 
Ultimately, the local hyperthermia caused by the external alternating 
magnetic field causes endometriotic cells' death. The authors developed 
a system targeted to endometriotic cells and intended for intravenous 
administration [179]. It is important to say that this concept is quite 
new, and it needs to be explored more extensively, especially its safety.

Lee et al. use ultrasmall superparamagnetic iron oxides (USPIO) as 
contrast agents in magnetic resonance imaging (MRI) [199], which are 
similar to nanostructural iron oxide agents that have been approved by 
the U.S. Food and Drug Admin-istration (FDA) for clinical diagnoses 
[200]. Authors demonstrated that USPIO administered intravenously 
into rats with induced endometriosis efficiently internalized into mac
rophages and other phagocytic cells after intravenous injection, 
enabling imaging of the ectopic uterine tissue (EUT) in autotransplanted 
rats. USPIO administration revealed inflammatory and degenerative 
changes with MRI. Similarly, hyaluronic acid (HA)-modified magnetic 
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iron oxide nanoparticles (HA-Fe3O4 NPs) were intravenously adminis
tered via tail vein into EUTs in the rodent model to detect the lesions 
[201]. The HA coating onto SPIONs prolonged the circulation in the 
bloodstream, increasing phagocytic activities by endothelial cells and 
leading to enhanced T2-weighted MRI imaging. Given this, Jedryka et al. 
show the clinical studies on tracking early-stage endometrial cancer 
(EC) patients, where the SPIONs are used. As the EC spreads through the 
lymphatic system, the application of SPIONs enabled tracking of meta
static sentinel lymph nodes (SLNs) with high safety, no need to use other 
contrasting agents, and satisfactory accuracy parameters [202].

Iron oxide NPs can also be combined with other metal-based struc
tures. Su et al. show that Fe3O4 encapsulated with guar gum, combined 
with Ag NPs, acts as an agent that reduces the viability of the AN3-CA 
endometrial cancer cell line without cytotoxicity to the normal cell 
line [203].

Due to the broad use of gadolinium-based compounds as T1-weighted 
contrast agents for Magnetic Resonance Imaging (MRI), recent works 
show the Gd-based NPs for endometriosis diagnostics, like 
NaGdF4@PEG@bevacizumab–Cy5.5 nanoparticles (NPBCNs) that offer 
targeted binding to endometrial cells, specifically through the vascular 
endothelial growth factor (VEGFR) [204]. Such a system proposed by 
Zhang et al. demonstrates accurate detection of endometriotic lesions in 
mice, not only by T1-weighted imaging but also by fluorescence imag
ing, with no toxicity and adverse effects proven with histopathological 
examination [204].

As endometriosis is estrogen-dependent and its development is 
closely related to the elevated ROS level [205], recent studies also show 
novel solutions to inhibit the lesions' growth through the application of 
nanomaterials. Sun et al. proposed a manganese dioxide nanosheet 
decorated with macrophage membrane (MM-NS) that mimics the cell 
membrane as a novel type of nanozyme designed for the treatment of 
endometriosis [206]. The proposed system effectively scavenges ROS 
and alleviates the estrogen level, resulting in the inhibition of prolifer
ation and inflammation of ectopic lesions in endometriosis mice.

5.1.3.3. Gold nanoparticles (AuNPs). Besides their cargo role, inorganic 
nanostructures also offer various functionalities, such as lesion visuali
zation, enabling fast and effective diagnostics. Application of AuNPs also 
enables real-time photoacoustic imaging (PAI) through light absorption 
into sound waves. PAI is a non-invasive tool combining optical imaging 
that visualizes differences between different types of tissues, with ul
trasound imaging that enhances fast and effective detection of diseased 
[207]. Imaging can be enhanced by coating AuNPs with fluorescent dyes 
for fluorescent imaging (FI). PAI offers high resolution and deep tissue 
penetration, while fluorescent dyes like fluorescein isothiocyanate 
(FITC) provide high sensitivity and molecular specificity [208]. The 
combination of these imaging techniques enables multimodal visuali
zation, improving the diagnosis of endometriosis. Gold nanorods coated 
with silica (AuNR@silica) presented by Marquardt et al. were used for 
PAI, where the silica shell enhanced the FITC binding to NRs for FI in 
mice with induced endometriotic lesions as a facile way to separate 
diseased tissues for histopathological analyses [209]. Other work pub
lished by Kumar et al. presented using PEGylated, silica-coated gold 
nanorods tagged with (FITC) (AuNR@Si(F)-PEG) for PAI and FI com
bined with heat ablation in situ [210].

On the other hand, polyvinylpyrrolidone-capped gold nanorods 
(PVP-capped AuNRs) have a high potential for endometrial cancer 
treatment. These structures can bind VEGF165, which is a crucial 
endothelial cell function and angiogenesis regulator. The results show 
that binding reduces the proliferation, toxicity, and stimulatory effects 
of VEGF165 [211]. Au NPs also show high effectiveness to defeat 
anti-human endometrial cancer effects against Ishikawa, HEC− 1-A, 
HEC− 1-B, and KLE cell lines [212].

In the other work, Volpini et al. proposed the spherical and star- 
shaped AuNPs modification with lipoic acid-poly(ethylene glycol)- 

maleimide to target human endometriosis CD44(+) cells and reduce 
their viability by heat ablation. The in vitro studies in two HESC and 
NIH− 3T3 non-endometriotic cell lines, and 12Z endometriotic cell lines 
show effective imaging [213] (Fig. 6). Nevertheless, the imaging of 
AuNPs is limited, requiring the application of agents enabling fluores
cence detection.In contrast to the abovementioned AuNPs, Guo et al. 
Au-based reported hollow nanoshells (HAuNS) functionalized with 
TNYL peptides that specifically recognize and bind to EphB4 receptors, 
which are expressed in endometriotic lesions [214].

5.1.3.4. Silver and copper nanoparticles (AgNPs and CuNPs). Inorganic 
NPs can also work as highly effective drug delivery agents in endome
triosis. Silver NPs (AgNPs) can work as cargo for PL1 (receptors: TNC-C 
and Fn-EDB), PL2 (Fn-EDB and NRP− 1), PL3 (TNC-C and NRP− 1), 
prototypic C-end Rule (CendR) peptide RPARPARPL1, and CendR pep
tides. The results show that PL1 targets not only ectopic endometriotic 
cells but also neovessels surrounding the endometriotic lesions. These 
structures show the highest effectiveness in promoting the internaliza
tion of nanoparticles in 12Z and HESC cells via interaction with proteins 
of the ECM and the NRP− 1 receptor. Interestingly, biotin-modified 
AgNPs did not bind to endometriotic. lesions. Assuming that, Ag NPs 
may reduce endometriotic cell proliferation, with potential for therapy/ 
diagnostic [215] (Fig. 7).

Ag NPs and silver oxide (Ag NPs) are strongly defeating or inhibiting 
the development of a wide range of microorganisms, including Gram- 
positive and Gram-negative bacteria and other pathogens that can 
affect patients, while undergoing surgical treatments. Aboelmaaty et al. 
propose AgO NPs to be used for E. coli-induced endometriosis in rats 
[216]. However, despite the high effectiveness, silver-based NPs can 
affect the functioning of the reproductive system [217]. The tissue 
damage is dose-dependent, relating to the collagen deposition, inflam
mation, cytoplasmic vacuolation, mitochondrial damage, and increased 
TNF-α expression. Therefore, the Ag NPS application in endometriosis 
treatment seems to be controversial [218].

The copper NPs reveal similar effectiveness in defeating pathogens, 
but they also offer different functionalities. Cu-polyphthalocyanine 
network-based spike-linked enzyme mimics (SLE-CuPPc) offer dual 
functionalities in combating endometrial infection. S. aureus effectively 
stimulates vascular proliferation, curbs fibrosis, and fosters endometrial 
repair. The spiky nanostructure of SLE-CuPPc adheres to bacterial sur
faces, effectively trapping and causing visible morphological deforma
tion and irreversible damage to S. aureus and E. coli induced by G-SLE- 
CuPPc [218].

Summarising, nanoparticles described above provide unique thera
nostic capabilities by functioning as both imaging contrast agents and 
active therapeutic media [183,186,197,200,213]. However, their effi
cacy is severely restricted by the dense fibrotic interstitium and pelvic 
adhesions characteristic of endometriosis, which create mechanical 
barriers to deep tissue penetration [147,168,182,187,188]. Although 
peptide functionalization (e.g., with iRGD or TNYL) can improve 
permeability, these structures face significant biocompatibility hurdles, 
specifically the risk of long-term heavy metal toxicity and accumulation 
in the liver, spleen, or reproductive organs [202]. Currently, clinical 
translation is limited by a lack of human trials; research remains strictly 
in the preclinical stage using rodent models, which may fail to predict 
human clinical outcomes. Bridging this gap requires rigorous long-term 
safety evaluations and more accurate animal-based testing.

5.2. Nanofibres

To date, nanofibers have not been extensively analyzed as a potential 
drug delivery system (DDS) for endometriosis treatment. PCL with PEG 
loaded with curcumin was proposed by Boroumand et al. curcumin- 
loaded nanofibers were proposed due to poor bioavailability using 
oral administration [219]. As it is known, curcumin is characterized by 
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its anticancer, anti-inflammatory, and antioxidant properties. For this 
reason, it was proposed as a treatment for endometriosis. Experiments 
conducted on a mouse endometriosis model revealed that endometrial 
stroma and glands were reduced ca. 50% of curcumin was released 
during the first 24 h [219]. The nanofibres loaded with tenofovir (TFV) 
and levonorgestrel (LNG) up to 20% wt. were proposed by Blakney et al. 
[220]. So far, fibers loaded with progesterone have been analyzed by a 
few research groups [221–225]. Brako et al. focused on the analysis of 
mucosadhesive interactions of progesterone-loaded nanofibers with the 
mucosal membrane. The mucoadhesion of an artificial membrane 
(progesterone-loaded cellulose acetate) was compared to that of lamb 
esophageal mucosa and was found to be 10 times higher in magnitude. 
Detailed atomic force microscopy analysis (AFM) led to, e.g.determine 
the depth of interpenetration or unfilled voids [221]. Lavanya et al. 
utilized electrospinning to fabricate progesterone-loaded pullulan 
nanofibers, with FTIR spectroscopy confirming successful drug incor
poration. The nanofibers exhibited a near-neutral zeta potential 

(ranging from 0.4 ± 0.01 to − 0.5 ± 0.01 mV), suggesting potential for 
transmucosal administration. Given zeta potential value, suggest lack of 
colloidal stability, which calls into question the practical application of 
the system. Furthermore, the material demonstrated sustained proges
terone release over 7 days, and cytotoxicity assays confirmed biocom
patibility, underscoring its suitability for controlled therapeutic delivery 
[226]. For example, Chen et al. obtained a patient-tailored fibrous sys
tem for pelvic prolapse treatment. By integrating polycaprolactone 
(PCL) mesh, reinforced with nano-hydroxyapatite (nHA), along with 
drug-eluting poly(lactic-co-glycolic acid) (PLGA) nanofibers, they 
managed to show the effectiveness of release in vitro of metronidazole, 
ketorolac, bleomycin, and estradiol, respectively. Additionally, the 
mesh/nanofiber scaffolds released high drug amounts at the target 
location for over 28 days in vivo, while blood drug levels stayed low. 
This finding indicates that a resorbable scaffold may be an effective 
choice for addressing female pelvic organ prolapse [227]. Beyond virgin 
nanofibers, hybrid systems combining nanofibers with hydrogels offer 

Fig. 6. Illustration of receptor recognition of Au@P_AbCD44 in endometriotic cell lines (top). (A) Images obtained via Flow cytometry images of 12Z cells incubated 
for 24 h with free AbCD44 and Au@P_AbCD44, respectively. Brightfield (BF) – cells; green colour – receptor. (B) Quantification of recognition via flow cytometry. (C) 
Scheme of gold nanosystem synthesis by firstly modification of the antiCD44 Ab with thiol group by using Traut reagent and then (D) gold nanoparticles and gold 
nanostars functionalization with the thiolated antiCD44 Ab to produce GNP@P_AbD44 and GNS@P_AbD44, respectively [200].
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advanced therapeutic potential for endometriosis. Zhou et al. developed 
an injectable scaffold by homogenizing electrospun fibers and thermally 
crosslinking them into a porous, compressible framework. This system 
ensures minimally invasive administration, anatomical adaptation, and 
sustained drug release. Due to its biomimetic extracellular matrix (ECM) 
structure, the scaffold facilitates tissue repair by modulating cell pro
liferation, promoting hyperplastic cell apoptosis, and inhibiting angio
genesis, thereby effectively ameliorating endometrial hyperplasia 
[228].

In turn, Song et al. fabricated a nanobiomaterial by merging fibrin
ogen (Fg) and P(LLA-CL) via electrostatic spinning. Following the in
duction of physical injury to the rat endometrium, it was observed that 
Fg/P(LLA-CL) membranes inserted into the uterine cavities enhanced 
endometrial thickness, the quantity of glands post-injury, and neo
vascularization, while decreasing the extent of endometrial fibrosis. 
What is more, the expression of TGF-β1, a cytokine that facilitates 
fibrosis, was observed as its level reduced in the initial phase of injury. 
Ultimately, fertility tests validated that Fg/P(LLA-CL) enhanced the 
pregnancy rate in rats experiencing endometrial damage, with its safety 
confirmed through blood analyses and pathological evaluations of the 
heart, liver, spleen, lungs, and kidneys [229]. Endometriosis also may 
cause infertility, and to prevent that, restoration of native tissue may 
help fight this problem. Cao et al. developed injectable, bioactive short 
fibers derived from decellularized extracellular matrix (dECM). These 
fibers leverage electrostatic interactions to bind endometrial cells and 
facilitate sustained growth factor release. In vitro, the scaffold promotes 
the adhesion, proliferation, and angiogenic activity of human primary 
endometrial stromal cells (HESCs) and human umbilical vein endothe
lial cells (HUVECs). In vivo, dECM-based fibers significantly accelerated 
endometrial repair and vascularization. Notably, in a rat model of 
endometrial injury, fiber administration increased the live birth rate 
from 30% to 90%, demonstrating the therapeutic potential of this 
approach for treating endometrial factor infertility [230].

Functionalizing electrospun nanofibers offers a precise strategy to 
tune surface properties. For instance, aminolysis-assisted surface 
modification allows for the introduction of amine groups, facilitating 
carbohydrate conjugation such as maltose, which enhances bioactivity 
[231]. Such studies were conducted e.g. for uterine tissue engineering 
[131,147].

An approach that may bring a breakthrough in the effectiveness of 
treatment of female organ diseases might be targeting immune system 
cells such as neutrophils, macrophages, NK cells, and dendritic cells as 
they play a vital role in endometriosis by induscing e.g., angiogenesis 
and proliferation of endometrial cells [232]. The ability of these cells for 
the elimination of endometrial cells is limited, and abnormal cytokine 
secretion is observed, leading to the progression of lesions [233]. 
Moreover, the immune microenviroment may be stimulated by stem 

cells as they can secrete extracellular vesicles (EVs) and biomolecules e. 
g., chemokines, cytokines, and growth factors to employ proangiogenic 
as well as antifibrotic effects. Zhou et al. developed an ADMSC-laden silk 
fibroin/polycaprolactone (SF/PCL) nanofiber scaffold to promote 
endometrial regeneration []. The system supported ADMSC prolifera
tion, restored endometrial morphology, and enhanced gland regenera
tion. It also promoted angiogenesis (CD31 upregulation) and attenuated 
fibrosis by suppressing the TGF-β/Smad signaling pathway. Further
more, the scaffold upregulated critical decidualization markers 
(HOXA11, HAND2, FOXO1) and modulated the immune microenvi
ronment by optimizing the Th1/Th2 balance and natural killer (NK) cell 
infiltration. Consequently, the ADMSC-SF/PCL system demonstrates 
significant potential as a therapeutic strategy for endometrial restora
tion and immune remodeling [234]. Darzi et al. developed composite 
PLACL/gelatin electrospun nanofiber meshes loaded with mesenchymal 
stem/stromal cells (eMSCs) in a mouse model [225]. This bioengineered 
construct enhanced mesh integration and attenuated the Foreign Body 
Response (FBR). Six weeks post-implantation, the nanomesh signifi
cantly upregulated 18 genes associated with ECM synthesis, cell adhe
sion, angiogenesis, and collagen remodeling. By modulating the immune 
microenvironment and promoting vascularization, these cell-engineered 
scaffolds offer a promising strategy to mitigate surgical complications 
associated with synthetic implants [235].

However, not only can nanoparticles or nanofibers be a promising 
tool to fight endometriosis, but a combined approach based on com
posite electrospun fibers containing nanoparticles inside fibers seems to 
be greatly beneficial. Krogstad et al. created the composite drug delivery 
system based on mucoadhesive fibers for improved retention in the 
vaginal tract (based on poly(vinyl alcohol) (PVA) and poly(vinyl pyr
rolidone) (PVP)), and PEGylated etravirine-loaded PLGA nanoparticles 
that can readily diffuse through mucus [236]. Such an approach resulted 
in approximately 30xgreater retention of nanoparticles in the repro
ductive tract of mice at 24 h compared to aqueous suspensions. More
over, those NPs within the fiber composites maintained higher, 
sustained etravirine concentrations for 24 h and up to 7 days. This 
highlights the platform's ability to provide sustained nanoparticle 
release for up to 3 days and drug retention for up to a week following a 
single dose [236].

There is a big similarity in the application of nanofibers for cervical 
cancer treatment. However, also in this case, nanofiber-based systems 
were not explored well. For example, Agarwal et al. proposed PCL/chi
tosan nanofibres loaded with cisplatin [237]. Very limited data are 
available on this topic; proposed systems are rather simple, the same 
drugs are analyzed, and these studies are usually finished on a mouse 
endometriosis model, making it difficult to conclude about the useful
ness of the system for use on human cells [168,238].

The use of polymer or composite nanofibers as drug carriers for the 

Fig. 7. Silver nanoparticles functionalized with synthetic PL1 peptide (left) showing specific internalization in endometriotic cells spheroid (center). The conjugation 
of PL1 peptide to Ag NPs loaded with the potent antimitotic drug decreases the viability of endometriotic cells, showing potential for therapy [202].
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treatment of endometriosis has a critical limitation, which is the me
chanical blockade posed by the dense fibrotic interstitium and pelvic 
adhesions. Unlike smaller nanoparticles, bulkier fibrous structures 
generally lack the inherent tissue permeability required to penetrate 
deep infiltrating lesions, often restricting their efficacy to superficial 
peritoneal surfaces. [239]. For this application, fibres are still in the 
minority. Furthermore, clinical translation remains at an early 
proof-of-concept stage. Current research is limited to rodent models, 
which cannot accurately predict human clinical outcomes or the 
long-term consequences of filament retention. Bridging the gap to clin
ical use requires overcoming administration complexities and con
ducting rigorous safety evaluations in more relevant animal models 
[168].

6. Hydrogels and therapies using external stimulation for drug 
release or endometriotic cells elimination

The drug release rate and its amount may be adjusted in order to 
personalize the therapy, among others. For this reason, on-demand drug 
delivery systems (DDS) are increasingly developed, often utilizing 
hydrogels not only as therapeutic carriers but also as physical barriers to 
prevent postoperative adhesion formation [240–244]. The external 
physical trigger, e.g., alternating magnetic field, ultrasound, or radia
tion, may be used to cause the local temperature increase, ultimately 
leading to drug release from the biomaterial [245,246]. Additionally, 
the local hyperthermia itself may also be used for the elimination of 
cancer or endometriosis cells [168]. For this purpose, the biomaterial 
should contain the nanoparticles sensitive to selected external triggers, 
like AuNPs or SPIONs. Gold nanoparticles are stimulated by 
near-infrared, which has limited tissue penetration (1–1.5 cm), limiting 
their application in endometriosis treatment, unless the use of this 
method during surgery is considered. For effective stimulation of ma
terials placed in deeper parts of the body, for example, SPIONs are 
recommended [179]. The SPIONs are nanoparticles approved for 
biomedical use and commonly used for diagnostic purposes, i.e., Mag
netic Resonance Imaging (MRI), or for treatment using magnetic 
hyperthermia.

So far, SPIONs have not been practically analyzed in the context of 
endometriosis treatment. In May 2022, the first article concerning 
magnetic hyperthermia for endometriosis treatment was published in 
Park et al. [179]. The hexagonal SPIONs doped with cobalt were 
modified with a peptide targeted to vascular endothelial growth factor 
receptor 2 (VEGFR− 2), also known as KDR: kinase insert domain re
ceptor, to promote its capture by endometriotic cells. Ultimately, the 
local hyperthermia caused by external alternating magnetic fields causes 
endometriotic cells' death [179]. The authors developed a system tar
geted to endometriotic cells and intended for intravenous administra
tion. PEG-PCL-coated KDR-targeted NPs were administered 
intravenously with the clinically relevant dose of about 3 mg Fe/kg) 
offering dual functionality worked as a T2-weighted contrast agent, 
enabling imaging with Magnetic Resonance Imaging (MRI) of endo
metriotic grafts in mice. Importantly, NPs did not show toxicity under a 
single 20‑minute AMF session at 420 kHz, 26.9 kA/m. Nevertheless, the 
conditions that were used in magnetic hyperthermia (MH) exceed (H × f 
safety limits in MH), requiring further studies not only on long-term 
toxicity and biodistribution, but also effects in clinically tolerated field 
strengths [179]. The safety limit, so-called Atkinson-Brezovich limit, is 
about 4.85 × 105 A m− 1 s− 1 for the tissues with a diameter below 30 cm, 
while for the smaller regions the limit is increased even to 5 × 109 

A m− 1 s− 1 [247].
One of the widely known inorganic nanostructures to be used in 

endometriosis that offer stimulus responsiveness is gold nanoparticles 
(Au NPs). AuNPs offer the use of photothermal therapy (PTT) to affect 
diseased tissues; they can be generated under irradiation with a specific 
wavelength. PTT has shown a significant effect in the management of 
various tumors in preclinical models and early-phase clinical studies 

[248], which makes them promising agents to treat other diseases like 
endometriosis.

The work published by Kumar et al. mentioned before on the 
AuNR@Si(F)-PEG) for PAI and FI combines imaging with on-demand 
photothermal treatment (PTT) in vivo on the endometriosis mouse 
model. Researchers show the controlled heat ablation up to 41–47 ◦C to 
reduce lesions due to the plasmonic properties of Au core [210]. Simi
larly, in the work presented by Volpini et al. spherical and star-shaped 
Au not only work as cargo for bioactive lipoic acid-poly(ethylene gly
col)-maleimide to bind CD44(+), but also induce apoptosis with the 
increased temperature up to 42–44 ◦C induced by two different lasers on 
demand [213]. The PTT is also highly effective for the HAuNS when 
combined with TNYL peptides, enabling precise targeting and elimina
tion of lesions with PTT [214].

Despite the broad development of imaging and targeting of endo
metriotic lesions with external stimuli through inorganic NPs, there is a 
big gap to be filled in the drug delivery covering endometriosis treat
ment [249].

Antsiferova et al. proposed that unmodified mesoporous silica NPs 
(UNPs) and aminopropyl modified silica NPs (AMNPs) were loaded with 
the immunomodulatory drug GMDP that would be administered topi
cally to defeat endometriosis. Although UNPs effectively interact with 
peritoneal macrophages, they are not suitable for GMDP delivery in 
endometriosis, while AMNPs offer both high cellular uptake and 
increased immune activation, making AMNPs the effective cargo for 
GMDP delivery [250].

The synergistic effect can also be observed for the polymeric-based 
composites, where nanoparticles are incorporated in polymeric 
matrices to prepare platforms for endometrial regeneration. Dong et al. 
demonstrated shape memory polymer (SMP) poly(D, L-lactide-co-tri
methylene carbonate) (PT) nanofibers containing cuprorivaite (CaCu
Si4O10) nanosheets (CUPNSs) as the second near-infrared (NIR-II) 
photoresponsive shape memory composite that promotes both human 
endometrial endothelial cells (HEEC) and human umbilical vein endo
thelial cells (HUVEC) proliferation [251]. The photoresponsiveness 
improves the therapeutic effect. As the cuprorivaite can release Si and 
Cu ions, it also enhances the pro-angiogenesis of HUVECs due to the 
sustained release of bioactive ions (Si and Cu) [251].

The study presented by Moses et al. shows PEG-PCL spheres con
taining SiNc nanoplatform that effectively detect endometriotic lesions 
with NIR fluorescence and rapidly eliminate them by PTT [252]. 
Importantly, other work of these authors proves a similar effect on 
ovarian cancer xenografts [253]. Nevertheless, the limited depth of 
tissue penetration in nanoparticle-mediated PTT remains a concern and 
requires further development. Another work reveals the hydrogel 
(Vc-Ca/UFNs@Gel) containing calcium ascorbate (Vc-Ca) and ultrathin 
ferrous sulfide nanosheets (UFNs) that offers synergistic photo
thermal/ferroptosis/immune endometriosis therapy [244].

Importantly, the application of stimuli-responsive NPs to defeat 
endometriosis is a relatively new concept that needs more extensive 
exploration, especially regarding its safety. The research on on-demand 
drug delivery for endometriosis treatment is still at the preclinical or 
proof-of-concept stage. For this reason, in this area, a variety of research 
is needed to explore the efficiency of such ways of particular drug de
livery, materials stability, biocompatibility, etc. [245,254].

Studies exploring the potential application of metal-based particles 
for endometriosis treatment mainly focus on the optimization of phys
icochemical properties, mainly discussing the correlation between syn
thesis parameters and the resulting morphology and structure of the 
proposed nanostructured materials. The studies also include in vitro 
biological assays like cell viability, cell proliferation, cellular uptake, 
and in vivo studies, including biocompatibility and biodistribution. 
Despite the promising findings, the clinical translation of metal-based 
nanostructures remains in its early stages. Progress is hindered by 
limited data on the long-term effect of applied particles and their 
retention from the organism, a detailed description of interaction 
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mechanisms between nanostructures within specific intracellular com
partments, a lack of universal experimental protocols, and challenges 
related to scaling up synthesis for larger-scale use. Therefore, more 
comprehensive studies are needed to assess the long-term cellular and 
systemic effects of the metal-based materials on the organism [255].

7. Perspectives

Endometriosis is a chronic, potentially debilitating condition 
affecting individuals of reproductive age. From a clinical perspective, 
one of the most important factors is early diagnosis, which improves 
treatment efficacy and long-term prognosis. Also, selecting the appro
priate personalized treatment program may be a good alternative. Un
fortunately, the fact is that compared to other common diseases, 
standards of medical care, diagnosis, and treatment have been devel
oped relatively recently. Consequently, there is an urgent need to 
intensify research and increase public awareness regarding the disease’s 
impact on fertility and systemic health. Recent advancements in diag
nostic modalities require validation through robust, large-scale clinical 
trials to establish their clinical utility. The researchers must shift focus 
toward the verification of promising pharmacological agents and 
advanced delivery systems, with an emphasis on direct comparative 
effectiveness studies. Future breakthroughs in endometriosis therapy 
rely on optimizing the physicochemical properties of carriers to 
circumvent biological barriers, thereby facilitating efficient drug diffu
sion into the lesion core (Table 2). Simultaneously, the development of 
intelligent nanostructures engineered for multifunctional 
synergy—integrating ablation techniques (e.g., photothermal therapy), 
the induction of controlled cell death (including ferroptosis), and precise 
modulation of the immune microenvironment within a single 
carrier—represents a strategy to eradicate lesions while remodeling the 
local niche. However, significant challenges persist. The integration of 
high-energy ablation carries a high risk of collateral thermal injury to 
adjacent healthy tissues. Furthermore, although inorganic and metallic 
nanoparticles provide unique theranostic capabilities, their long-term 

biocompatibility and the risks of heavy metal accumulation in repro
ductive organs must be rigorously addressed. Finally, bridging the 
translational gap requires moving beyond rodent models to primate- 
based validation to ensure long-term biosafety and clinical efficacy in 
humans. [63,64,66].

Deep infiltrative endometriosis (DIE) naturally brings to mind other 
disease entities, such as malignant tumors. These diseases are similar in 
the presence of distant foci, similar to metastases, promotion of a 
chronic inflammatory environment, the ability to adhere, invade, and 
cause tissue destruction, resistance to apoptosis, and the presence of 
lymphangiogenesis and lymph node foci [256]. Due to the endometri
osis, the characteristic use of nanoparticles or locally injectable hydro
gels is justified; however, in this matter, much more needs to be verified 
than in the preclinical stage [179,210,213,257] (Fig. 8). Technologies 
using the above-mentioned materials also have significant risks for pa
tients, which need to be determined and studied as soon as possible. 
Currently, publication databases such as Scopus or PubMed contain few 
records regarding, for example, new drug delivery systems or therapies 
for endometriosis, compared to studies conducted on new therapies for 
other diseases with similar prevalence in the population (Fig. 2). This 
clearly demonstrates the scale of neglect in this area.

Recent advancements in biotechnology and genomics may revolu
tionize the management of endometriosis by enabling precision medi
cine strategies [258,259]. Patient-derived organoids now serve as robust 
models for personalized drug screening, allowing clinicians to evaluate 
therapeutic efficacy within patient-specific microenvironments [258]. 
Concurrently, 'gene expression fingerprinting' and the identification of 
somatic mutations—such as those in ARID1A or PIK3CA—offer critical 
insights into the molecular heterogeneity of the disease, guiding the 
selection of targeted therapies, including selective progesterone recep
tor modulators (SPRMs) [89]. Furthermore, integrating genomic data 
from GWAS with phenotypic profiling—specifically regarding 
fibrosis-related receptor expression (e.g., ERα) and neuropeptide 
levels—is essential for predicting treatment response and avoiding 
ineffective hormonal interventions [260]. These integrative approaches 

Fig. 8. Schematic representation of the combinational use of different nanomaterials for endometriosis treatment: (A) incorporation of Fe3O4 NPs and an anti- 
inflammatory peptide into a hydrogel, (B) injection of the created hybrid system into the lesion site of endometriosis, resulting in hydrogel melting and heating 
the lesion site to 63 ◦C due to the magnetic activation properties of Fe3O4. As a result, apoptosis of cells and rapid release of the BMAP− 27 anti-inflammatory peptide 
happened [242].
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provide a framework for developing customized therapeutic plans, 
thereby enhancing clinical outcomes and reducing the burden of adverse 
effects. Immunotherapy is also a promising approach for the develop
ment of new therapies in this area. Immunotherapy aims to treat the 
disease by correcting immune system dysfunction [30,250]. In both 
cases, nanomaterials are considered as vehicles for active substances, e. 
g., danazol or siRNA, and clinical data in endometriosis treatment are 
very limited and need to be explored further.

Furthermore, it is essential to standardize clinical trial design and 
long-term follow-up protocols to rigorously assess safety 
profiles—including metabolic effects and bone mineral density—and to 
support the development of truly personalized therapeutic strategies 
[63,64,261].

Clinical studies on novel therapies using nanomaterials as drug car
riers or PTT agents are still rare for endometriosis treatment. It is 
important to collect data on, e.g., lipid nanoparticles, clinical complaints 
related to nanoparticle delivery, toxicity, and the long-term effective
ness of the therapy. Without the determination to move research into the 
clinical phase, new ideas will not be verified, and development in this 
area will not happen [196,213,214].

8. Conclusions

Endometriosis research largely focuses on disease mechanisms, 

whereas current clinical treatments mainly focus on direct symptom 
management. In the most difficult cases, such as DIE, when other 
treatments have been exhausted, radical procedures such as hysterec
tomy may be required. As demonstrated in this review, preclinical 
research on new endometriosis treatments (e.g., drug delivery methods, 
hyperthermia) is still in the very early stages of development. Often, 
many of these studies are not followed up and never reach the clinical 
trial phase, highlighting the limited availability of alternative thera
peutic pathways for effective endometriosis treatment for patients 
suffering from this common conditionThe scientific community has 
already proposed several promising approaches to developing new 
methods for treating this disease, such as magnetic hyperthermia. 
However, for the proposed development paths to undergothorough 
verification, it is necessary to undertake systematic research efforts and 
engage multidisciplinary teams of researchers to support their potential 
translation into clinical trials and future clinical applications.
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Table 2 
Overview of engineered material systems for localized endometriosis therapy, categorized by disease subtype and therapeutic mechanism.

TYPE PROPOSED MATERIAL STRATEGY APPLICATION REF.

SUPERFICIAL 
PERITONEAL 
LESIONS

Mifepristone-loaded polymeric implant Controlled and sustained local drug release 
of progesterone receptor antagonist

Long-term suppression of superficial 
lesions with reduced systemic 
toxicity

[90]

Levonorgestrel-releasing polymeric intrauterine 
device

Localized progestin delivery reduces 
inflammation and ectopic tissue proliferation

Chronic pain management and 
recurrence prevention

[85]

Circulating miRNA nanodiagnostic platform Detection of disease-specific circulating 
miRNA signatures

Non-invasive early diagnosis and 
monitoring

[66]

PLGA nanoparticles coated with bacterial outer 
membrane vesicles (OMV-PLGA NPs)

Immunomodulation and macrophage 
reprogramming to suppress inflammatory 
lesion establishment

Prevention of lesion implantation 
and inflammatory progression

[262]

PLGA/gold-core ionic liquid-coated nanoparticles 
(Au-PLGA-IL NPs)

Neutrophil hitchhiking, photothermal- 
targeted delivery to inflammatory lesions

Targeted nanotherapy and lesion 
ablation

[263]

Cell penetrating peptides (PF6 and NF70) 
nanoparticles combined with siRNA

Downregulation of ribonucleotide reductase 
subunit M2 (RRM2) and vascular endothelial 
growth factor (VEGF)

Targeted delivery to inhibit 
endometriotic primary cell 
proliferation and invasion

[107]

Chrysin-loaded PLGA nanoparticles Downregulating NF-κB activation-driven 
expression of angiogenic factors

Reduction of endometriotic lesion 
implantation and progression

[171]

Anti-CD44 antibody-conjugated gold nanoparticles Photothermal-targeted delivery to 
inflammatory lesions

Targeted nanotherapy and lesion 
ablation

[213]

OVARIAN 
ENDOMETRIOMA

Danazol co-crystal drug-delivery system Crystal engineering improves dissolution 
rate and oral bioavailability

Improved pharmacological 
treatment of ovarian endometrioma

[95]

Aromatase inhibitor-loaded intrauterine delivery 
system

Local hormonal suppression with minimized 
systemic exposure

Reduction of cyst growth and 
estrogen-driven progression

[85]

cRGD-modified liposome nanodrug containing 
artesunate

Targeting HIF− 1α in the HIF− 1α/VEGF 
pathway

Targeted delivery to inhibit 
angiogenesis in ectopic lesions

[151]

PLGA nanoparticles with miRNA Gene delivery to endometriotic cells Apoptosis of stromal cells of ovarian 
endometrium cysts by use of gene 
therapy

[174]

DEEP INFILTRATING 
ENDOMETRIOSIS

Selective progesterone receptor modulator (SPRM)- 
based biomaterials

Modulation of progesterone resistance and 
inflammatory pathways

Treatment of hormonally resistant 
infiltrating lesions

[76, 
88]

FUT4 mRNA biosensing platform Molecular detection of altered glycosylation- 
associated gene expression

Biomarker-assisted diagnosis and 
lesion stratification

[63]

LDL nanoemulsion containing lipid nanoparticles Uptake of labeled lipid nanoparticles (LDE) 
by overexpressed LDL receptors in 
endometriotic foci

Effective treatment of deep 
endometriosis using nanotechnology 
as an alternative to surgery

[149]

lipid nanoparticles composed of cholesteryl oleate, 
phosphatidylcholine, free cholesterol, and triolein 
combined with didodecyl-methotrexate

Injection of the developed nanosystem into 
the arm vein

Lower the pain intensity during the 
treatment of deep infiltrative 
endometriosis

[162]

FITC-tagged, silica-coated gold nanorods Laser-induced thermal ablation Imaging of endometric tissues and 
lesion stratification

[210]

ADENOMYOSIS Simvastatin-loaded liposomal nanoparticles Nanocarrier-mediated targeted anti- 
angiogenic and anti-inflammatory therapy

Experimental localized treatment of 
adenomyosis

[100]

Epigenetic biomarker system based on HOXA10 DNA 
methylation

Detection of aberrant methylation associated 
with impaired endometrial receptivity

Precision diagnostics and molecular 
disease characterization

[16]
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[122] A. Marklund, A. Sjövall, L. Blomqvist, J. Carlson, K.A. Rodriguez-Wallberg, 
Endometriosis, the great imitator – a successful case of fertility preservation in a 
woman receiving sterilizing treatment due to a diagnosis of rectosigmoid 
carcinoma, Gynecol. Endocrinol. 35 (2019) 945–948, https://doi.org/10.1080/ 
09513590.2019.1633298.

O. Urbanek et al.                                                                                                                                                                                                                               Biomedicine & Pharmacotherapy 201 (2026) 119734 

21 

https://doi.org/10.1055/s-0032-1333481
https://doi.org/10.1055/s-0032-1333481
https://doi.org/10.14740/jocmr6236
https://doi.org/10.1080/01443615.2018.1460584
https://doi.org/10.33024/minh.v8i5.852
https://doi.org/10.1007/s43032-021-00787-w
https://doi.org/10.1007/s43032-021-00787-w
https://doi.org/10.1097/AOG.0000000000001484
https://doi.org/10.1097/AOG.0000000000001484
https://doi.org/10.1186/s12905-021-01347-9
https://doi.org/10.1186/s12905-021-01347-9
https://doi.org/10.1007/s43032-023-01341-6
https://doi.org/10.1007/s43032-023-01341-6
https://doi.org/10.12891/ceog2086.2016
https://doi.org/10.12891/ceog2086.2016
https://doi.org/10.1210/endrev/bnaa012
https://doi.org/10.1080/14728222.2016.1180368
https://doi.org/10.1080/14728222.2016.1180368
https://doi.org/10.1016/j.ejps.2010.01.012
https://doi.org/10.12775/JEHS.2026.87.67581
https://doi.org/10.1002/slct.202502899
https://doi.org/10.1002/slct.202502899
https://doi.org/10.33160/yam.2017.12.003
https://doi.org/10.33160/yam.2017.12.003
https://doi.org/10.5281/ZENODO.17256757
https://doi.org/10.5281/ZENODO.17256757
https://doi.org/10.56782/pps.525
https://doi.org/10.1093/biolre/iox058
https://doi.org/10.1093/biolre/iox058
https://doi.org/10.1038/s41598-025-08686-9
https://doi.org/10.4103/aihb.aihb_25_25
https://doi.org/10.1016/j.ejogrb.2014.05.028
https://doi.org/10.1016/j.ejogrb.2014.05.028
https://doi.org/10.1080/01443615.2025.2502083
https://doi.org/10.1080/01443615.2025.2502083
https://doi.org/10.1111/jcmm.17211
https://doi.org/10.1111/jcmm.17211
https://doi.org/10.1006/excr.1998.4049
https://doi.org/10.1006/excr.1998.4049
https://doi.org/10.1038/s41598-020-58109-0
https://doi.org/10.1038/s41598-020-58109-0
https://doi.org/10.3390/biom11111739
https://doi.org/10.3390/biom11111739
https://doi.org/10.1016/0192-0561(92)90013-B
https://doi.org/10.1016/0192-0561(92)90013-B
https://doi.org/10.18632/oncotarget.20042
https://doi.org/10.18632/oncotarget.20042
https://doi.org/10.3390/pharmaceutics13101618
https://doi.org/10.1038/s41420-023-01319-y
https://doi.org/10.1038/s41420-023-01319-y
https://doi.org/10.1080/13625180500389547
https://doi.org/10.1080/13625187.2017.1413179
https://doi.org/10.1016/j.antiviral.2010.09.003
https://doi.org/10.1016/j.antiviral.2010.09.003
https://doi.org/10.1016/j.jconrel.2019.02.003
https://doi.org/10.1016/j.jconrel.2019.02.003
https://doi.org/10.1067/mob.2002.121103
https://doi.org/10.1067/mob.2002.121103
https://doi.org/10.1159/000292492
https://doi.org/10.1007/s001920050040
https://doi.org/10.1007/s001920050040
https://doi.org/10.1016/j.jconrel.2019.10.015
https://doi.org/10.1016/j.jconrel.2019.10.015
https://doi.org/10.1016/0010-7824(90)90141-H
https://doi.org/10.1016/S0039-128X(00)00175-6
https://doi.org/10.1016/j.contraception.2005.05.004
https://doi.org/10.1016/j.contraception.2005.05.004
https://doi.org/10.1517/14656566.2015.1022531
https://doi.org/10.1517/14656566.2015.1022531
https://doi.org/10.1016/S0002-9378(00)70483-2
https://doi.org/10.1016/S0002-9378(00)70483-2
https://doi.org/10.1080/09513590.2019.1633298
https://doi.org/10.1080/09513590.2019.1633298


[123] A. Graham, Drugs in Gynaecology and Contraception, in: A. Khalil, A. Griffiths 
(Eds.), Part 1 MRCOG Synoptic Revision Guide, 1st ed., Cambridge University 
Press, 2023, pp. 186–209, https://doi.org/10.1017/9781108644464.020.

[124] C. Blacker, N. Brion, F. Caulin, C. Mayolle, J.Y. Reginster, A. Regnard, R. Scholler, 
Plasma Concentration of Estradiol After Transdermal Administration of 
Systen®50 (Evorel®) or Menorest®50, Clin. Drug. Investig. 11 (1996) 339–346, 
https://doi.org/10.2165/00044011-199611060-00004.

[125] L.J. Middleton, R. Champaneria, J.P. Daniels, S. Bhattacharya, K.G. Cooper, N. 
H. Hilken, P. O’Donovan, M. Gannon, R. Gray, K.S. Khan, on behalf of the 
International Heavy Menstrual Bleeding Individual Patient Data Meta-analysis 
Collaborative Group, Hysterectomy, endometrial destruction, and levonorgestrel 
releasing intrauterine system (Mirena) for heavy menstrual bleeding: systematic 
review and meta-analysis of data from individual patients, c3929–c3929, BMJ 
341 (2010), https://doi.org/10.1136/bmj.c3929.

[126] Z. Qin, D. Zhang, G. Cao, H. Li, Progestin-based pharmacotherapy in fertility 
preservation in early endometrial cancer, Front. Oncol. 14 (2024) 1487008, 
https://doi.org/10.3389/fonc.2024.1487008.

[127] M. Mawet, F. Nollevaux, D. Nizet, F. Wijzen, V. Gordenne, N. Tasev, D. Segedi, 
B. Marinescu, A. Enache, V. Parhomenko, F. Frankenne, J.-M. Foidart, Impact of a 
new levonorgestrel intrauterine system, Levosert®, on heavy menstrual bleeding: 
results of a one-year randomised controlled trial, Eur. J. Contracept. & Reprod. 
Health Care 19 (2014) 169–179, https://doi.org/10.3109/ 
13625187.2014.894184.

[128] S.B. Yisa, A.A. Okenwa, R.P. Husemeyer, Treatment of pelvic endometriosis with 
etonogestrel subdermal implant (Implanon®), J. Fam. Plann Reprod. Health Care 
31 (2005) 67–70, https://doi.org/10.1783/0000000052972799.

[129] I. Reinecke, M. Schultze-Mosgau, R. Nave, H. Schmitz, B.A. Ploeger, Model-Based 
Dose Selection for Intravaginal Ring Formulations Releasing Anastrozole and 
Levonorgestrel Intended for the Treatment of Endometriosis Symptoms, J. Clin. 
Pharma 57 (2017) 640–651, https://doi.org/10.1002/jcph.846.

[130] M.J. Chen, M.D. Creinin, Removal of a Nonpalpable Etonogestrel Implant With 
Preprocedure Ultrasonography and Modified Vasectomy Clamp, Obstet. & 
Gynecol. 126 (2015) 935–938, https://doi.org/10.1097/ 
AOG.0000000000001082.

[131] S. Fanse, Q. Bao, D.J. Burgess, Long-acting intrauterine systems: Recent advances, 
current challenges, and future opportunities, Adv. Drug. Deliv. Rev. 191 (2022) 
114581, https://doi.org/10.1016/j.addr.2022.114581.

[132] V. Halpern, V. Brache, D. Taylor, A. Lendvay, L. Cochón, J.T. Jensen, L. 
J. Dorflinger, Clinical trial to evaluate pharmacokinetics and pharmacodynamics 
of medroxyprogesterone acetate after subcutaneous administration of Depo- 
Provera, Fertil. Steril. 115 (2021) 1035–1043, https://doi.org/10.1016/j. 
fertnstert.2020.11.002.

[133] A.M. Dlugi, J.D. Miller, J. Knittle, Lupron depot (leuprolide acetate for depot 
suspension) in the treatment of endometriosis: a randomized, placebo-controlled, 
double-blind study, Fertil. Steril. 54 (1990) 419–427, https://doi.org/10.1016/ 
S0015-0282(16)53755-8.

[134] J.A. Rock, J.A. Truglia, R.J. Caplan, Zoladex (goserelin acetate implant) in the 
treatment of endometriosis: a randomized comparison with danazol. The Zoladex 
Endometriosis Study Group, Obstet. Gynecol. 82 (1993) 198–205.

[135] Leuprorelin-containing depot medicinal products - referral | European Medicines 
Agency (EMA), (2019). 〈https://www.ema.europa.eu/en/medicines/human/ 
referrals/leuprorelin-containing-depot-medicinal-products〉 (accessed February 
12, 2026).

[136] B.E. Barton, J.A. Erickson, S.I. Allred, J.M. Jeffries, K.K. Stephens, M.I. Hunter, K. 
A. Woodall, W. Winuthayanon, Reversible female contraceptives: historical, 
current, and future perspectives, Biol. Reprod. 110 (2024) 14–32, https://doi. 
org/10.1093/biolre/ioad154.

[137] B. Liang, L. Wu, H. Xu, C.W. Cheung, W.Y. Fung, S.W. Wong, C.C. Wang, Efficacy, 
safety and recurrence of new progestins and selective progesterone receptor 
modulator for the treatment of endometriosis: a comparison study in mice, 
Reprod. Biol. Endocrinol. 16 (2018) 32, https://doi.org/10.1186/s12958-018- 
0347-9.

[138] B. Cho, J.-W. Roh, J. Park, K. Jeong, T.-H. Kim, Y.S. Kim, Y.-S. Kwon, C.-H. Cho, S. 
H. Park, S.H. Kim, Safety and Effectiveness of Dienogest (Visanne®) for 
Treatment of Endometriosis: A Large Prospective Cohort Study, Reprod. Sci. 27 
(2020) 905–915, https://doi.org/10.1007/s43032-019-00094-5.

[139] M.D.P. Andres, L.A. Lopes, E.C. Baracat, S. Podgaec, Dienogest in the treatment of 
endometriosis: systematic review, Arch. Gynecol. Obstet. 292 (2015) 523–529, 
https://doi.org/10.1007/s00404-015-3681-6.

[140] P. Wright, Healing Pelvic Pain, 2023.
[141] X. Yang, G. Wu, L. Luo, Q. He, X. Wu, R. Xu, The effects of the combination of 

Yasmin and shaofuzhuyu capsules on MBV, endometrial thickness, and disease 
recurrence in hysteroscopic polypectomy patients, (n.d.).

[142] L.C. Gemmell, K.E. Webster, S. Kirtley, K. Vincent, K.T. Zondervan, C.M. Becker, 
The management of menopause in women with a history of endometriosis: a 
systematic review, Human. Reprod. Update 23 (2017) 481–500, https://doi.org/ 
10.1093/humupd/dmx011.

[143] Northwestern University, Phase IV Pilot. Study Ulipristal Acetate Treat. 
Endometr. -Relat. Pelvic Pain. Clin. Gov. (2024). 〈https://clinicaltrials.gov/st 
udy/NCT02213081〉 (accessed February 12, 2026).

[144] Mansoura University, gov, Goserline Acetate Versus Dienogest Treat. Pain. Assoc. 
Endometr. Clin. (2021). 〈https://clinicaltrials.gov/study/NCT05013242〉
(accessed February 12, 2026).
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