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Abstract

Endometriosis is an incurable gynecological disease characterized by the abnormal growth of 

endometrium-like tissue, characteristic of the uterine lining, outside of the uterine cavity. Millions 

of people with endometriosis suffer from pelvic pain and infertility. This review aims to discuss 

whether nanomedicines that are promising therapeutic approaches for various diseases have the 

potential to create a paradigm shift in endometriosis management. For the first time, the available 

reports and achievements in the field of endometriosis nanomedicine are critically evaluated, and a 

summary of how nanoparticle-based systems can improve endometriosis treatment and diagnosis 

is provided. Parallels between cancer and endometriosis are also drawn to understand whether 

some fundamental principles of the well-established cancer nanomedicine field can be adopted for 

the development of novel nanoparticle-based strategies for endometriosis. This review provides the 
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state of the art of endometriosis nanomedicine and perspective for researchers aiming to realize 

and exploit the full potential of nanoparticles for treatment and imaging of the disorder.

Graphical Abstract

This review article outlines the potential of nanomedicine for diagnosis and treatment of 

endometriosis, a gynecological disease characterized by the abnormal growth of endometrial tissue 

outside the uterus. The up-to-date knowledge and developments in the field of endometriosis 

nanomedicine are critically overviewed. In addition, this work discusses whether some 

fundamental principles of cancer nanomedicine can be adapted for endometriosis.
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1. Introduction

Endometriosis is the presence of endometrium-like glands and stroma outside of the uterus. 

This painful gynecological disorder affects as many as 10% of women in their reproductive 

years.[1] Although the cause of endometriosis is not completely clear, the predominant 

theory, the Sampson Hypothesis, suggests that endometriosis forms when endometrial cells 

pass [retrograde] through the fallopian tubes during menstruation and seed sites in the 

peritoneal cavity.[1] Compared to cancer, endometriosis is considered a non-malignant 

condition. However, the heterotopic tissue forms “endometriotic” lesions that, can be 

broadly distributed, and in some instances (e.g., deep infiltrating disease), perforate the 
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underlying organs resulting in life-threatening conditions.[2] Most frequently, women with 

endometriosis suffer from pelvic pain and infertility.[1] There is a lack of accurate, non-

invasive, “point of care” test for endometriosis, forcing clinicians to rely on palpation, 

ultrasound, and magnetic resonance imaging (MRI). Laparoscopic surgery remains the gold 

standard for definitive diagnosis of the disease.[3] Consequently, the average time from the 

onset of symptoms to definitive diagnosis is more than 7 years.[4, 5] Because endometriotic 

tissue, like the “eutopic” endometrium (referred to hereafter as the endometrium), grows, 

degrades, and bleeds in response to ovarian hormone secretion each menstrual cycle, 

medical therapies rely mainly on hormonal manipulation.[6] However, these treatments 

disrupt fertility and often cause side effects resulting in diminished quality of life and are not 

suitable for long-term use. Patients wishing to improve fertility often seek surgical removal 

of the lesions and the associated adhesions.[7-9] Surgical intervention can be effective at 

removing endometriotic lesions, but successful treatment relies mainly on the skill of 

surgeons in identifying and removing affected tissues. Recurrence rates are as high as 20%, 

and some patients require multiple surgeries. Recurrence is due, in part, to incomplete 

resection and subsequent implantation events. Moreover, complications associated with 

surgery also contribute to overall risks. Therefore, there is considerable interest in the 

development of efficient non-surgical strategies for diagnosis and treatment of 

endometriosis.

Over the last twenty years, nanomaterials have been widely explored for imaging and 

treatment of various diseases, including cancer.[10-14] Numerous reports suggest that 

nanoparticles have the potential to improve conventional therapeutic (e.g., chemotherapy) 

and imaging (e.g., MRI) modalities for disease detection and treatment.[12, 15] Nanomaterials 

allow further development of new experimental treatment and imaging strategies,[16-19] 

including photothermal therapy,[20, 21] magnetic hyperthermia,[22], and photoacoustic 

imaging.[23] Nanoparticles are promising vehicles for the delivery of drugs and imaging 

agents to disease sites. For instance, they can solubilize otherwise insoluble compounds and, 

protect cargos such as nucleic acids and unstable drugs from hydrolysis, oxidation, or other 

degradative processes in the systemic circulation. Moreover, they can extend the circulation 

time of drugs in the blood, allowing them to reach their therapeutic targets, and to deliver 

greater amounts of drugs to their target sites more precisely while reducing systemic toxicity 

via passive targeting or through the use of active targeting moieties.[16, 17, 21, 24-29] Although 

the application of nanoparticles for imaging and treatment of endometriosis is a relatively 

new field, a growing number of reports suggest that nanomedicine has the potential to 

provide novel therapeutic and diagnostic strategies for this devastating disease (Table 1).

To our knowledge, this is the first systematic and critical overview of the reported 

nanomedicine-based strategies. First, we discuss the potential mechanisms of nanoparticle 

accumulation and retention in endometriotic lesions following systemic administration. 

Second, we provide a brief overview of animal models of endometriosis available for 

nanoparticle evaluation. Third, nanoparticle-based imaging strategies are described. Fourth, 

we overview previously reported nanoparticle-based therapeutic modalities and their 

efficacy for endometriosis treatment. Finally, through this review, we discuss whether some 

fundamental principles of cancer nanomedicine can be used for the development of novel 

nanoparticle-based strategies for treatment and imaging of endometriosis.
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2. Accumulation of Nanoparticles in Endometriosis Lesions

2.1. Passive Targeting

In the cancer field, it is believed that passive targeting of nanoparticles to solid cancer 

tumors is made possible through the exploitation of the so-called enhanced permeability and 

retention (EPR) effect.[30-32] Several characteristics of solid tumors contribute to the EPR 

effect, including hypervascularization, exaggerated vascular permeability, and impaired 

lymphatic drainage.[30-33] Therefore, long-circulating nanoparticles leak preferentially into 

tumor tissue through the pores of permeable tumor vessels and are then retained in the tumor 

bed due to reduced lymphatic drainage.[30, 31, 33] Previous reports suggest that 

endometriosis, like cancer, is an angiogenesis-dependent disease, and increased vasculature 

is often observed surrounding endometriotic lesions during laparoscopy.[34, 35] [36] 

Endometriotic lesions display a several-fold more newly formed, immature blood vessels in 

comparison to the endometrium and other tissues.[37] Recent literature strongly supports that 

angiogenesis is required for the implantation, survival, and growth of endometriotic lesions. 

Moreover, angiostatic agents have been shown inhibit the growth of endometriosis.[38] 

Furthermore, various factors (e.g., vascular endothelial growth factor (VEGF), bradykinin, 

reactive oxygen species, nitric oxide, prostaglandins) involved in vascular permeability and 

the EPR effect in solid cancer tumors are also associated with endometriosis.[31] For 

example, VEGF is highly overexpressed in endometriotic tissue and peritoneal fluid of 

affected patients, and it plays a central role in the process of endometrial angiogenesis. 

VEGF concentrations are correlated with neovascularization and increased vascular 

permeability in both cancer and endometriosis.[31, 36] The bradykinin system, a key 

contributor to the EPR effect in cancer tumors, is also reported to be involved in 

endometriosis-related pain, and kinins are secreted by endometrial lesions.[39, 40] 

Furthermore, the high level of reactive oxygen species (ROS) and reactive nitrogen species 

(e.g., nitric oxide) that play an important role in vascular permeability of cancer tumors[31] 

are strongly associated with the development and progression of endometriosis.[41] Taking 

all these facts into consideration, it is reasonable to hypothesize that systemically injected 

nanoparticles can accumulate in endometriotic lesions as well, by extravasation through 

immature, hyperpermeable blood vessels (Figure 1). Previous reports also suggest that 

passive targeting (EPR effect) is not a phenomenon exclusive to cancer tumors and is evident 

in other diseases and disorders (e.g., inflammation) where vascular permeability is 

increased.[31, 42] While the use of nanoparticles in the treatment and/or imaging of 

endometriosis remains relatively rare; there are several reports wherein the accumulation and 

retention of nanoparticles in endometriotic tissues is qualitatively and/or quantitatively 

described.[11, 43-45]

Taratula and colleagues reported that poly(ethylene glycol)-poly(ε-caprolactone) (PEG-

PCL)-based polymeric nanoparticles (called SiNc-NP) with a hydrodynamic size of ~40 nm 

and slightly negative surface charge (−3 mV) efficiently accumulate in both endometriotic 

and cancer grafts and demonstrate similar biodistribution profiles within 24 h following their 

intravenous injection into mice bearing subcutaneous rhesus macaque endometriotic or 

human ovarian cancer xenografts (Figure 2A).[11, 21] Histological analysis further showed 
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that these nanoparticles escape from the extensive blood vasculature and penetrate the 

endometriotic tissue (Figure 2B).[11]

Recently, Yuan et al. demonstrated that three different types of near-infrared (NIR) dye-

labeled nanoparticles, including chitosan oligosaccharide-g-stearic acid (CSOSA) polymer 

micelles (~68 nm), nanostructured lipid carriers (NLC, ~28 nm, and −18 mV), and CSOSA-

coated NLC (~41 nm and +28 mV) could be detected in human endometriotic tissue (Figure 

3A) subcutaneously implanted in mice at 8, 12, 24 and 48 h following tail-vein injection.[44] 

Ex-vivo fluorescence images of various tissues resected at 48 h post-injection further 

revealed that the accumulation of nanoparticles in endometriotic lesions was far higher than 

that observed in uterus, ovaries, kidneys, and some other organs, besides the liver, spleen, 

and lungs (Figure 3B and C). Finally, semi-quantitative analysis of fluorescence signal 

indicated that the accumulation of negatively charged NLC in endometriotic tissue was ~2 

times lower when compared to positively charged NLC coated with CSOSA (Figure 3C), 

suggesting that surface charge may influence nanoparticle delivery and retention in 

endometriotic lesions. Previous reports suggest that the surface charge can have a dramatic 

effect on cellular internalization of nanoparticles, and positively charged nanoparticles are 

associated with higher cellular uptake. [46, 47] However, the role of surface charge in the 

internalization of nanoparticles by endometriotic cells remains to be investigated. The ability 

of the CSOSA-coated NLC to reach and penetrate endometriotic tissue at 8 and 24 h 

following systemic administration was also demonstrated histologically in rats bearing 

intraabdominal grafts of the uterine horn (Figure 3D). By using the same rat model, this 

research group demonstrated in a separate study that their CSOSA polymer micelles, 

electrostatically complexed with plasmid DNA (~135 nm and +6 mV), can be observed in 

abdominal endometriotic grafts as early as 1 h post-injection and remain there for at least 24 

h.[45]

Guo et al. also evaluated the biodistribution profiles of two types of nanoparticles with 

different sizes (10 nm vs. 40 nm) and chemical compositions following intravenous injection 

in mice bearing subcutaneous endometriotic grafts.[43] Although some differences were 

observed, the outcome revealed that both nanoparticles begin to accumulate in lesions within 

12 h following systemic administration, extravasate from blood vessels into a deeper lesion 

matrix, and some are retained there for at least 144 h. Thus, following intravenous injection 

of mercaptopropionic acid-modified cadmium-telluride quantum dots (CdTe QD) with a 

hydrodynamic diameter of ~10 nm, the unambiguous fluorescence signal was detected in 

endometriotic lesions at 12 h, reaching peak accumulation at 24 h. In contrast to CdTe QD, 

the fluorescence signal from hollow gold nanospheres (HAuNS) with a hydrodynamic 

diameter of ~40 nm was observed in endometriotic lesions as early as 6 h post-injection, but 

the maximum intensity was not achieved until 72 h. It was hypothesized that the migration 

rate differs among nanoparticles of different sizes, inducing differential accumulation in the 

lesions. Quantitative analysis of the resected tissues at 72 h post-injection using inductively 

coupled plasma mass spectrometry (ICP-MS) further indicated that both QDs and HAuNS 

accumulated in the lesions at similar concentrations of ~5 μg Cd g−1 or Au g−1. 

Immunohistochemical evaluation of thin sections stained with CD31 antibody (an indicator 

of vascular endothelium) confirmed that both nanoparticles reach the vasculature and 

extravasate from there into tissues. The ICP-MS results also revealed that significant 
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amounts of both nanoparticles reached the liver (~24 μg Cd g−1 and ~24 μg Au g−1) and 

spleen (~19 μg Cd g−1 and ~13 μg Au g−1) suggesting that the tested nanoparticles are 

cleared from the body by these organs. The tested elements were also detected in kidneys 

(~5 μg Cd g−1 and ~4 μg Au g−1), lungs (~2.5 μg Cd g−1 and ~5 μg Au g−1), and heart (~1.5 

μg Cd g−1 and ~5 μg Au g−1). Finally, the ICP-MS measurements confirmed that Cd or Au 

was present in the lesions and tested organs at 144h post-injection. Of note, the previous 

report by the same research group revealed that the herein tested HAuNS demonstrated a 

similar biodistribution profile following systemic administration into mice bearing 

subcutaneous xenografts of lung (A549) or ovarian (SKOV-3) cancer cells.[48]

The studies described above, as well as additional reports (Table 1), reveal that nanoparticles 

with various core composition (e.g., Au, Cd, polymers, lipids, etc.), surface functionalization 

(e.g., PEG, peptides, mercaptopropionic acid, etc. ), size (10 – 150 nm) and surface charge 

(+30 – −20 mV) can accumulate in endometriotic tissue. Moreover, accumulation occurred 

within several hours (1 – 12 h) following systemic administration in mice and rats bearing 

subcutaneous and abdominal xenografts of human, monkey, and rodent endometrium.
[11, 43, 44, 49] Histological analysis further demonstrates that these nanoparticles extravasate 

from blood vessels and penetrate endometriotic tissue.[11, 43] These results indicate that 

systemically injected nanoparticles can escape from the vasculature and accumulate in 

angiogenesis-dependent endometriotic lesions, possibly via the passive targeting 

mechanism, previously observed in cancer tumors and sites of infection/inflammation.
[30, 31, 39, 42] This assumption is further supported by the fact that some nanoparticles 

demonstrate similar biodistribution profiles in rodent models of cancer and endometriosis.
[11, 21, 43, 48] The available data also confirm that accumulated nanoparticles remain in 

endometriotic lesions for days, and neither of the reports demonstrated that nanoparticles 

were completely cleared from the diseased tissue.[11, 43] For example, the ICP-MS 

measurements provided by Guo et al. indicate that both tested QDs and HAuNS were 

present in the lesions at 144 h post-injection, although their concentration was ~3 - 5 times 

lower when compared to the 72 h time point.[43] Despite this experimental evidence, the 

mechanism of nanoparticle retention in endometriotic tissue is yet to be clarified and, 

therefore, additional studies are needed. The prolonged retention of nanoparticles in cancer 

tumors is explained by the lack of functional lymphatic drainage attributed to the poor 

development of the intratumoral lymphatic vessels.[32] Currently, there is no scientific 

evidence to hypothesize whether a similar mechanism inhibits the clearance of nanoparticles 

from endometriotic lesions. Furthermore, it is known that lymphangiogenesis is increased in 

ectopic endometriotic lesions compared to the endometrium and peripheral tissues.[50] The 

previous reports suggest that immune cells (e.g., macrophages) can be accountable for the 

retention of nanoparticles accumulated through permeable blood vessels in inflammatory 

tissues with functional lymphatic systems.[51, 52] Lee et al. also hypothesized that 

macrophages could internalize iron oxide nanoparticles after intravenous injection and 

facilitate their accumulation in endometriosis lesions, which are characterized by an 

increased presence of immune-related cells.[49] However, until now, it has not been 

demonstrated that this mechanism is responsible for nanoparticle retention in endometriosis.
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2.2. Active Targeting

It is believed that active targeting is a complementary strategy to passive targeting aimed at 

increasing retention and accumulation of passively delivered nanoparticles in targeted 

tissues.[53, 54] This is achieved by modification of nanoparticles with targeting ligands (e.g., 

peptides, antibodies, small molecules) that can bind specific receptors overexpressed on 

target cells and facilitate internalization of the modified nanoparticles by these cells (Figure 

1). Systemically injected nanoparticles, however, must first reach tissue expressing targeted 

receptors via passive targeting in order to take advantage of active targeting ligands.[54, 55] 

Active targeting has been extensively explored in cancer nanomedicine,[53, 54] and various 

reports ultimately concluded that in many cases, targeted nanoparticles outperformed non-

targeted nanoparticles in vivo, affording at least a 2-fold increase in delivery efficiency to 

tumors.[56-58] Targeting ligands not only enhance the accumulation of various nanoparticles 

in tumors but, in some cases, also decrease their accumulation in healthy tissue, including 

organs of the reticuloendothelial system (e.g., liver).[15, 28, 58, 59] Several reports have 

already demonstrated that the accumulation of nanoparticles in endometriotic lesions can be 

enhanced by modifying their surface with targeting ligands that bind overexpressed 

receptors in endometriotic cells.[43, 60, 61] Collectively, these studies indicate that some 

receptors are overexpressed in both cancer and endometriosis and, therefore, active targeting 

strategies designed for cancer could be adapted for endometriosis.

Guo et al. reported that the above mentioned hollow gold nanospheres (HAuNS) conjugated 

with TNYL peptide (TNYL-HAuNS), outperformed non-modified nanoparticles, affording 

~2 times higher delivery efficiency to endometriotic lesions at 72 h post-injection (Figure 

4A).[43] At the same time, the amount of both TNYL-modified and non-modified HAuNS 

was similar in other organs. The increase in nanoparticle concentration in lesions from mice 

administered TNYL-HAuNS was attributed to the targeting of the erythropoietin-producing 

hepatocellular receptor B4 (EphB4), overexpressed in endometriotic cells, with the TNYL 

peptide, which possesses a high binding affinity to this receptor. EphB4, a member of the 

family of receptor tyrosine kinases, is an indicator of high neovascularization in 

endometriotic lesions. The experimental data revealed that this receptor is highly expressed 

in endometriotic lesions, and expression was minimal in the uterus tissue (Figure 4B). 

However, EphB4 expression was significantly increased in the estrogenized uterus. 

Therefore, the authors suggested that Ephb4 receptor-targeted nanoparticles can be used for 

endometriosis treatment when the uterus is not in the cycling state (e.g., menses and estrus). 

The Ephb4 receptor has also been associated with tumor angiogenesis, growth, and 

metastasis, and is overexpressed in various cancer tissues.[62] By using mice simultaneously 

bearing both Ephb4 positive and Ephb4 negative cancer xenografts, this research group also 

revealed that the accumulation of TNYL-HAuNS was 3.2 times higher in Ephb4 positive 

tumor relative to Ephb4 negative tumor.[48] These results indicate that, in addition to passive 

targeting, exploitation of active targeting further enhances the accumulation of nanoparticles 

in cancer and endometriosis tissues overexpressing Ephb4 receptors.

Several research groups evaluated hyaluronic acid (HA) as a potential targeting ligand to the 

CD44 receptor, which was previously suggested to be overexpressed in endometriosis cells 

and human endometriotic lesions.[63, 64] It was also revealed that CD44 expression in normal 
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endometrium is detected only in the secretory but not in the proliferative phase, indicating 

hormonal regulation of this receptor.[65] Zhao et al. observed little to no fluorescence signal 

in intraabdominal endometriotic lesions of rats intravenously injected with 

polyethylenimine-grafted chitosan oligosaccharide nanoparticles (<150 nm) containing 

small interfering RNA (siRNA) and a fluorescent dye (DiR) (Figure 4C).[61] A very strong 

NIR fluorescence signal, however, was observed in the liver and less intense signal in the 

spleen and the lungs. When the same nanoparticles were decorated with hyaluronic acid, an 

intense fluorescence signal was observed in endometriotic lesions 48 h following 

intravenous injection, and a dramatically reduced signal was present in the spleen and lungs. 

Immunohistochemical analysis revealed that CD44 expression was significantly increased in 

endometriotic lesions when compared to endometrium collected from the same rats. In 

another study, Zhang et al. evaluated ~15 nm iron oxide nanoparticles modified with 

hyaluronic acid in a rat model of endometriosis. The ability of these nanoparticles to 

accumulate in CD44 expressing cancer tumors was previously reported.[66] The ICP-MS 

measurements and histological analysis revealed that these nanoparticles efficiently 

accumulated in the ectopic uterine tissues engrafted in the abdominal side of rats within 2 h 

following intravenous injection, and iron staining was observed in and around the blood 

vessels.[60] In contrast, little to no iron staining was detected in eutopic uterine tissues, 

demonstrating preferential accumulation of the targeted nanoparticles in endometriotic 

tissue. However, the expression levels of CD44 in the tested ectopic and eutopic uterine 

tissues were not provided, and the biodistribution profile of the non-targeted nanoparticles 

was not evaluated.

As a proliferative disease, endometriosis requires cholesterol in order to build new cellular 

membranes. In order to satisfy this increased demand, low-density lipoprotein (LDL) 

receptors in endometriotic foci are overexpressed.[67] This phenomenon has also been 

observed and exploited for drug delivery in various forms of cancer including ovarian and 

breast cancers.[68, 69] Therefore, the uptake of LDL and, by extension, lipid nanoparticles in 

endometriotic tissues could be increased. In a 2019 study, Bedin et al. quantified the uptake 

of lipid nanoparticles in endometriotic lesions of affected patients scheduled for surgical 

intervention.[70] One day before surgery, patients were intravenously administered 0.1 mL of 

solid cholesterol lipid core nanoparticles containing cholesterol [14C]-oleate. Following 

resection and biopsy, 14C in endometrial, peritoneal, and endometriotic tissues were 

evaluated using liquid scintillation spectrometry. The highest levels of uptake were observed 

in the peritoneum and endometrium of control subjects without endometriosis. In patients 

with intestinal endometriotic lesions, the highest uptake was observed in the endometrium. 

In endometriosis patients without intestinal lesions, the highest levels of uptake were 

observed in the peritoneum and endometrium. Although there was no significant difference 

in uptake between the intestinal and non-intestinal lesion groups, and the highest uptake was 

observed in healthy control patients, the uptake of lipid nanoparticles by endometriotic 

tissue, in general, is notable, and the first study of its kind thus there is no data to which to 

compare these results. Furthermore, although subjects received no hormone therapy for three 

months before surgery, it was not clear whether any were concurrently menstruating and, if 

so, during which menstrual stage nanoparticles were administered. Further investigation is 

needed to determine whether overexpressed LDL receptors can be exploited for targeted 
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delivery of nanomedicines to endometriotic tissue, and the use of relevant animal models of 

the disease would allow researchers to optimize treatment strategies before translating any 

modality to a clinical setting.

2.3. Differential accumulation of nanoparticles in endometrium and endometriosis

While endometriosis is endometrium-like, the heterotopic tissues display striking differences 

from endometrium. These differences could reduce endometrial exposure to nanoparticles 

relative to the disease tissue. Endometrium within the uterus is histologically organized, a 

columnar/cuboidal luminal epithelium overlaying a thick lamina propria. In primates, the 

endometrium forms two distinct zones;[71] the upper (luminal) functionalis zone (e.g., 

stratum functionalis), and deeper basalis zone (e.g., stratum basalis), adjacent to the 

myometrium. Menstrual bleeding is restricted to the functionalis zone.[72, 73] Tubular glands 

extend from the basalis near the myometrium through the functionalis zone to the uterine 

lumen. The functionalis is vascularized by a unique arterial supply, the spiral arteries, which 

form columns arising from the myometrium. Blood drains from the functionalis zone via 

veins through the basalis.[74, 75] Lymphatic vessels are sparse and localized to the basalis.
[76-78] The vascular basalis to functionalis gradients contribute to physiological hypoxia and 

regulation of VEGF, VEGF receptor (KDR), and matrix metalloproteinases (MMPs) in the 

functionalis zone. These gradients parallel tissue dissolution during menstruation.[79, 80] 

Thus, the administration of nanoparticles at times other than menstruation and ovulation 

could reduce endometrial effects.

Compared to uterine endometrium, the histological presentation of endometriosis appears to 

promote the passive accumulation of nanoparticles within lesions. For example, Yuan et al. 

demonstrated that nanoparticles preferentially accumulate in endometriotic lesions when 

compared to the uterus (Figure 3B).[44] Endometriosis is a heterogeneous growth of 

dysfunctional glands and stroma that invades tissues and organs outside the uterus.[81-83] 

The ectopic tissues appear histologically disorganized, and the type of lesion (ovarian, 

peritoneal, deep infiltrating) dramatically impacts the histological presentation.[11, 81-83] 

Endometriotic lesions lack spiral artery columns, and zonal gradients, as seen in the 

endometrium, are not present.[72] Abundant small vessels (veins and arteries) support the 

tissues, and lymphatic drainage is extensive.[50, 84, 85] Bleeding and tissue fragmentation 

associated with tissue breakdown accumulate in the formation of endometriotic cysts.[86, 87] 

Cyclic tissue dissolution and bleeding occur at foci throughout the endometriotic lesions 

with upregulation of matrix metalloproteinases and increased expression of HIF-1 alpha, 

VEGF, and VEGF receptors. As indicated earlier, this results in higher absolute levels of 

both VEGF and KDR in endometriotic lesions compared to the endometrium. VEGF is a 

robust vascular permeability factor and promotes an inflammatory process that could lead to 

increased passive accumulation of nanomedicines. Targeting KDR and VEGF-receptor C 

could increase specific targeting of endometriosis through the elevated levels of lymphatics.

During the primate menstrual cycle, estradiol (E2 ) secreted in the follicular phase stimulate 

cell proliferation in endometrial glands, stroma, and vasculature.[74] In the luteal phase, 

progesterone (P4 ) attenuates cell proliferation and induces secretory differentiation of the 

gland and decidualization of the stroma.[71] Regulaton of steroid hormone receptors in mice 
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have been reviewed previously.[71, 88, 89] The decline in P4 and the end of the cycle stimulate 

endometrial breakdown, and menstruation ensues. It is noteworthy that compared to 

primates , mice do not menstruate and undergo a short estrous cycle (4–5 days), but the 

endometrial function is similarly regulated by E2 and P4 via these nuclear receptors. 

Therefore endometriotic tissues engrafted into immunodeficient mice require hormonal 

supplementation to maximize growth.

Endometriosis is an E2 dependent disorder, but the endometriotic response to cyclic changes 

in the steroid hormones is unpredictable relative to the endometrium.[89, 90] In contrast to 

uterine endometrium, endometriosis, displays a variable reduction in response to P4, a 

condition often referred to as P4 resistance where the effects of P on the differentiation of 

both the lesions and endometrium are attenuated.[89, 91, 92] E2 and P4 induce their effects via 

interactions with nuclear receptors. Two functionally distinct estrogen receptors (ESR-1; 

ERα and ESR-2; ERβ), and two structurally related P4 receptors (PGR-A and PGR-B) have 

been well-characterized.[94-96] Strong immuno staining for ESR-1 and PGR is present in the 

vascular pericytes and stroma; thus, it has been speculated that paracrine factors could 

mediate E2 regulation of vessel growth. ESR-2, however, is localized to many cell types in 

the endometrium, including vascular endothelial cells.[89] Therefore, the effect of E2 on 

endothelial cell proliferation could be mediated either directly via ESR-2 or indirectly via 

paracrine factors.

There is a growing number of reports that ESR-2 is overexpressed in endometriosis 

compared to the endometrium.[93, 98] Therefore, estrogen can act throughout the menstrual 

cycle to drive cell proliferation, including new vessel growth. Moreover, partial P4 action 

can increase the likelihood if dysfunctional bleeding in the lesions promoting inflammation 

and the influx of macrophages promoting the uptake of nanoparticles.

3. Endometriosis Animal Models

The assessment of novel nanoparticles for the treatment and imaging of endometriosis in 

women requires the use of animal models because these new nanomaterials have not been 

vetted for clinical use. Spontaneous endometriosis only occurs in women and menstruating 

Old World nonhuman primates (NHPs).[90] Therefore, NHPs, in theory, provide the most 

relevant model for human disease. As in women, there are no serological (non-invasive) tests 

for endometriosis in NHPs. Therefore, methods to create the disorder in macaques and 

baboons have been extensively studied.[89, 92] Artificial induction of endometriosis in 

primates was achieved in early studies through repositioning of the cervix in rhesus 

macaques and occlusion of the cervix in baboons, both methods increasing the exposure to 

retrograde menstruation and demonstrating the development of spontaneous endometriosis 

similar to that in humans.[91] Transplantation of endometrial fragments and endometriotic 

lesions are also efficient methods for induction of endometriosis and can be achieved either 

through surgical transplantation or injection of endometrial tissues, to the intraperitoneal 

cavities of primates.[93, 94] Overall, the primate models are more useful for studying the 

development and progression of endometriosis and allow comparison of physiological 

phenomena before and after disease induction. However, research with NHP models is 
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limited by the high cost of animals and greater infrastructure for maintenance and handling 

of the animals. Therefore, the use of non-primate models has been explored extensively.[95]

Rodents display short estrous cycles and do not menstruate and, as such, do not develop 

spontaneous endometriosis. However, ectopic endometrium can be created in these animals 

by transplantation of uterine tissues. Transplantation models can be classified as 

homologous or heterologous, depending on the source of tissue and the animal into which 

the tissues will be transplanted. Homologous models are those in which endometrial 

fragments are transplanted to genetically similar, or syngeneic, immunocompetent animals. 

Heterologous models usually employ the collection of endometrial tissues from humans and 

their implantation in immunodeficient rodents, though this has also been performed using 

endometrium of primate origin. These rodent models are established similarly to primate 

models with regard to transplantation; tissues are surgically implanted or injected, generally, 

intraperitoneally or subcutaneously.[96, 97]

Despite the extensive use of non-primate models, these models have limitations relative to 

the development of new therapies for the disorder.[95] Nonhuman primates should be 

considered optimal animal models for nanoparticle development, but at the time of this 

literature review, there are no reports of primate endometriosis models being explicitly used 

in nanomedicine research. Several heterologous and homologous rodent models have been 

utilized for various nanomaterial-based imaging and treatment platforms (Table 2). 

Surgically-induced endometriosis in rats, through transplantation of autologous fragments of 

uterus to the inner surface of the abdominal wall (Figure 5A and B), is the most commonly 

used model in the reported studies (Table 2). The decision to use a rat model for these 

studies may be due, in part, to the larger size of the rat compared to the mouse, and the 

subsequent improved ability to locate the larger endometriotic lesions that form in, the larger 

rodents. This homologous rat model was employed to evaluate magnetic iron oxide 

nanoparticles as MRI contrast agents,[49, 60] the effect of various nanoparticle-mediated gene 

therapies on the progression of endometriotic lesions,[45, 61, 98] and the effectiveness of a 

small molecule, delivered via nanoparticles, in attenuation of endometriosis pain (Table 2).
[44]

Nanoparticles have also been tested in heterologous and homologous mouse models to 

image or treat endometriosis (Table 2). Homologous endometriosis models were established 

either by injecting suspension of minced uterine horns from donor mice into the peritoneal 

cavity of recipient animals[99-102] or surgical transplantation of autologous uterine fragments 

to the peritoneal wall (Figure 5C).[103] Cerium oxide nanoparticles were used to inhibit 

angiogenesis and decrease oxidative stress in these mouse models of endometriosis, as were 

polymeric nanoparticles loaded with a combination of epigallocatechin gallate and 

doxycycline.[99, 101] Nanomaterials have also been tested in these mice to investigate the use 

of immunotherapy to treat endometriosis,[103] as well as the therapeutic effects of molecules 

like letrozole and curcumin.[100, 102]

Finally, heterologous mouse models with subcutaneous grafts of human, macaque, and rat 

endometrial tissues, as well as grafts of human endometriotic cells, were employed for 

evaluation of several nanomedicine-based strategies (Table 2). The biodistribution of 

Moses et al. Page 11

Small. Author manuscript; available in PMC 2021 March 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



polymer- and lipid-based nanoparticles were assessed following tail vein injection in nude 

mice transplanted with human endometrial tissues and treated with 17-β estradiol.[44] Mice 

bearing subcutaneous grafts of adenovirus-GFP transfected primary cells isolated from 

human endometrium were used to evaluate therapeutic efficacy of nanoparticle-based 

antiangiogenesis gene therapy.[104] The effects of photothermal ablation on endometriotic 

lesions using a combination of systemically delivered gold nanoparticles and near-infrared 

(NIR) light were investigated in nude mice subcutaneously injected with fragments of rat 

uterus.[43] Finally, SCID mice subcutaneously engrafted with macaque endometrium were 

employed to evaluate nanoparticle-based photothermal therapy and NIR fluorescence 

imaging (Figure 5D).[11] It was reported that established lesions in rodents are similar to 

endometriosis those in macaques. To reproduce macaque length artificial “menstrual” 

cycles, animals were engrafted with implants releasing P4 and E2. Identical to macaque 

endometriosis, the established grafts are well-vascularized (Factor 8 staining, Figure 5H), 

and characterized by the presence of endometriotic glands and, stroma, estrogen receptor 1 

(ESR1, Figure 5E), and P4 receptors (PGR, Figure 5F). Furthermore, the abundance of 

proliferating cells (KI-67 staining, Figure 5G) suggests that grafts grow in response to 

estrogen stimulation. The summarized articles in Table 2 represent, to date, the entirety of 

nanomaterial-based investigations using animal models of endometriosis.

4. Nanoparticle-Based Imaging Strategies

Because there are no serological diagnostic tests for endometriosis, there is a significant 

delay in the diagnosis of this disease, especially in young women.[4, 5] Laparoscopy with 

histological confirmation is currently the most reliable diagnostic procedure, but it is 

expensive, and carries surgical risks.[105] Moreover, several studies have shown that this 

approach is not always reliable, and only 54-67 % of suspected lesions are validated 

histologically. [105] Given this potential hazard, non-invasive medical imaging techniques 

such as ultrasound and MRI are also used to detect endometriosis.[105] Ultrasound is a 

readily available and inexpensive tool for the diagnosis of large endometriotic lesions and is 

currently the preferred method for initial assessments. However, the relatively small field of 

view, as well as dependency on the experience of the sonographer, pose significant 

limitations.[106] On the other hand, MRI provides better soft-tissue contrast and is being 

increasingly implemented in endometriosis evaluations and lesion detection, especially for 

those that are not visible under ultrasound.[107] Despite MRI‘s advantages, its low sensitivity 

hampers the visualization of small and deep infiltrating endometriotic lesions.[108] It is 

reported that hemorrhagic components associated with menstrual bleeding lead to 

hyperintense T1- and T2-weighted MR images (T1-WI/T2-WI) of endometriotic lesions.
[109] Therefore, commonly available diagnostic T1 contrast agents such as paramagnetic 

gadolinium complexes provide limited useful information about endometriotic lesions. To 

address the current limitations in imaging and diagnosis of endometriosis, several research 

groups sought to improve both MRI techniques and laparoscopy using nanoparticles.

4.1. MRI

Several reports propose that the lesion-to-background signal ratio in MRI can be increased 

by implementing T2-negative contrast agents such as magnetic iron oxide nanoparticles.[49] 
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Lee et al. investigated the use of ultrasmall superparamagnetic iron oxide (USPIO) 

nanoparticles as an MRI contrast agent in an experimental rat intraperitoneal endometriosis 

model.[49] Images obtained 6 h following intravenous injection of either USPIO or 

gadolinium-labeled diethylenetriamine pentaacetic acid (Gd-DTPA) were interpreted 

independently by a radiologist and a gynecologic surgeon. Results indicated an increase in 

detection and border contrast of ectopic uterine tissues 3 mm or greater in size when using 

USPIO-enhanced T2-weighted images (T2-WI) in comparison to Gd-DTPA-enhanced T2-

WI (Figure 6).

In another report, Zhang et al. tested their previously synthesized hyaluronic acid (HA)-

modified iron oxide nanoparticles (HAIONPs) for in vivo imaging of surgically induced 

endometriotic lesions in rats on a 3.0 Tesla MR scanner.[60] Following intravenous injection 

of nanoparticles, the MR signal for the wall of ectopic uterine tissue gradually declined, and 

the highest contrast enhancement was achieved after 2 h compared to earlier time points 

(Figure 7).

The available reports indicate that superparamagnetic nanoparticles can enhance the role of 

MRI in the diagnosis of endometriosis. However, additional research is required to 

demonstrate any potential that MRI may possess in diagnosing endometriosis

4.2. Fluorescence Imaging

The efficient detection and resection of endometriotic lesions depend on the surgeon’s 

ability to distinguish between healthy tissue and endometriosis during laparoscopy. 

Endometriotic lesions can have multiple forms and color manifestations.[110] Some lesions 

appear pigmented due to a higher level of hemosiderin content, giving them a dark blue or 

brown color, and are easier to identify intraoperatively. On the other hand, non-pigmented 

lesions are usually pale and more difficult to identify. Therefore, the utilization of real-time 

fluorescence surgical imaging techniques could enhance the detection of non-pigmented 

lesions. However, in order to visualize these lesions via fluorescence, there must be a 

cellular specific accumulation of fluorescent imaging agents. One such molecule for 

fluorescence image-guided surgery is protoporphyrin IX (PPIX), which has been shown to 

accumulate in cancer cells such as malignant gliomas after exogenous administration of 

aminolevulinic acid; the rate-limiting step in PPIX formation.[111] Owing to similarities 

between cancer and endometriotic lesions, the administration of exogenous ALA was also 

thought to induce the intracellular accumulation of fluorescent PPIX in lesions. Previous 

human and animal studies indicated that the administration of 5-ALA leads to preferential 

accumulation of PPIX in endometriotic lesions compared to adjacent normal peritoneum.
[111, 112] Fluorescence was excited at 380 to 440 nm, spectra in the visible region were 

collected, and higher porphyrin fluorescence was observed in active peritoneal 

endometriosis relative to adjacent normal peritoneum.[113] Although the exact reason for the 

preferential accumulation of 5-ALA-induced PPIX in endometriotic lesions is still unclear, 

previous cancer studies have suggested the involvement of tumor-associated cellular 

alterations such as increased levels of the active transporter PEPT1 mRNA in renal cell 

carcinoma,[114] malfunctioning of the enzyme ferrochelatase that converts PPIX to heme in 

particular cancer types,[115] and mitochondrial energy metabolism disorder.[116] Although 
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different cancer cells might exhibit different mechanisms for the accumulation of 5-ALA-

induced PPIX, the observation that endometriotic tissues are also able to accumulate PPIX 

through exogenous ALA administration suggests the presence of potential similarity 

between cancer tissue and endometriosis.

The increased diagnostic accuracy of non-pigmented endometriotic lesions during 

laparoscopy after oral administration of ALA at different concentrations (20 mg kg−1 body 

weight, and 30 mg kg−1 body weight) to patients with endometriosis 10-14 h before surgery 

was documented in previous studies. Sensitivity and specificity were increased up to 100% 

and 75%, respectively, with fluorescence diagnosis as compared to 69% and 70% under 

white light.[117, 118] Although PPIX accumulation was shown to correlate with the 

availability of 5-ALA, none of the above studies took female sex hormones into 

consideration. Therefore, a different study evaluated ALA-induced PPIX fluorescence of 

normal endometrial epithelial cells in vitro in the presence of E2 or combination of E2 and 

P4.[119] The results showed higher fluorescence from PPIX accumulation in cells incubated 

with the hormones than cells without hormone treatment, suggesting their importance in 

PPIX accumulation.

Although fluorescence in endometriosis benefits from exogenous ALA administration, the 

effect was only limited to nonpigmented lesions and, thus, no fluorescence could be detected 

in pigmented and ovarian endometriosis using this approach.[113] However, previous 

sequential laparoscopic studies have shown that nonpigmented endometriotic implants 

usually evolve to pigmented lesions, in which exogenous ALA does not affect fluorescence.
[120] In addition, there were also small false-positive fluorescent spots present and patients 

needed to avoid exposure to intense white light for a period of 24 - 48 h post ALA 

administration in order to prevent cutaneous phototoxic damage. Furthermore, ALA exhibits 

short half-life at physiological pH, and protoporphyrin IX has a short clearance time of 7.8 

h.[112] These shortcomings have prompted researchers to look for a more precise 

fluorescence guided surgery technique such as the use of NIR dyes and light for 

endometriosis diagnosis.[121]

NIR light has relatively high tissue penetration and lower scattering with no tissue damage 

even after prolonged exposure.[122] Conversely, visible light is unable to penetrate deeper 

into blood and tissue because of energy depletion due to absorbance and scatter, allowing 

only surface features to be visible. In addition to higher penetration, major biomolecules 

such as deoxyhemoglobin, oxyhemoglobin, water, and lipids have local absorption minima 

in the NIR window, which spans from 650 to 900 nm.[122] Therefore, NIR fluorescence-

guided surgery based on NIR dyes and activation light is a promising route to ensure real-

time demarcation of endometriotic lesions, thereby decreasing the possibility of recurrence 

or healthy tissue damage.

One of the most widely used contrast agents for NIR imaging is the FDA approved 

tricarbocyanine dye indocyanine green (ICG).[123] Although it is extensively used in medical 

applications, most of the dye (~95%) remains intravascular due to its high affinity to plasma 

protein, which can limit its diffusion into target sites.[124] Furthermore, ICG in solution 

tends to aggregate and form oligomers even at low concentrations.[125] ICG readily 

Moses et al. Page 14

Small. Author manuscript; available in PMC 2021 March 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



succumbs to photobleaching and has also been shown to be relatively unstable in aqueous 

solution, though the albumin component in plasma aids in slowing the decay rate to some 

extent.[126] These changes, in addition to its high concentration dependence, cause a shift in 

the absorption spectra of the dye depending on the solvent in which it is dissolved, and can 

decrease its fluorescence.[127] In order to combat instability, researchers have used 

molecular additives like sodium polyaspartate (PASP) to prevent aggregate formation and 

enhance aqueous stability.[128] Previous studies have pointed to the benefits of using 

monoclonal antibody-dye conjugates to enhance delivery and accumulation of molecules of 

interest in endometriotic lesions. However, ICG by itself is unable to form these conjugates. 

Thus, only a modified version of ICG, such as ICG-sulfo-OSu, can be used for coupling.[129] 

Furthermore, even when this coupling is made possible using ICG-sulfo-OSu, a high 

fluorescence loss is observed upon protein binding. Therefore, to meet the need for tumor 

targeting contrast agents, researchers have focused their attention on other NIR fluorophores, 

such as IRDye 800CW, that can easily be conjugated to different biomolecules. According to 

clinicaltrial.gov, a clinical study (NCT02975219), currently in phase 1, is being conducted 

on the application of IRDye 800CW labeled bevacizumab (Bevacizumab-800CW) as a 

targeting fluorescent molecule for use in fluorescence-guided surgery in endometriosis. This 

is following an endometriotic tissue biomarker study, which reported the overexpression of 

vascular endothelial growth factor A (VEGF-A) in endometriosis, therefore suggesting the 

potential use of an anti-VEGF monoclonal antibody, bevacizumab, conjugated to isotopes or 

fluorescent agents for lesion visualization.[130] Although there does not seem to be 

endometriosis-specific photoimmunodetection and toxicity in animal studies using 

Bevacizumab-800CW, there have been other extensive studies to determine its safety and 

pharmaceutical quality, and to assess its potential for in-human use.[131] This could 

potentially improve outcomes in endometriosis treatment as previous studies have taken 

advantage of IRDye 800CW-antibody conjugates to enhance tumor-to-background contrast 

during fluorescence-guided surgery in cancer patients.[132] It is also important to mention 

that other clinical trials are currently underway, such as NCT03935165, that use ICG for 

fluorescence-guided surgery.

One study explored the potential use of nanoparticle-based platforms for the delivery of NIR 

fluorescent dyes after systemic administration to endometriotic lesions.[11] The research 

team implemented “activatable” silicon naphthalocyanine loaded PEG-PCL nanoparticles 

(SiNc-NP) that efficiently accumulate in endometriotic lesions following systemic 

administration. SiNc was chosen in this study because of its improved fluorescence 

efficiency and photostability as compared to other contrast agents such as ICG. Although 

SiNc is a promising contrast agent in fluorescence-guided surgery, its application is hindered 

by limited water solubility (<1 ng mL−1).[21] Therefore, the study used a biocompatible 

amphiphilic copolymer, PEG–PCL, consisting of hydrophilic poly(ethylene glycol) (PEG) 

and hydrophobic poly(ε-caprolactone) (PCL) blocks, to encapsulate SiNc and improve its 

aqueous solubility and delivery to endometriotic lesions (Figure 8A). It was demonstrated 

that the proximity of SiNc molecules inside the hydrophobic core of PEG–PCL polymer led 

to reversible intermolecular aggregate formation, which in turn led to the self-quenching of 

fluorescence (Figure 8A and B). This feature provides high contrast during fluorescence 

imaging of endometriosis because the developed “activatable” nanoparticles release SiNc 
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molecules and reactivate their fluorescence following internalization by endometriotic cells 

(Figure 8C). SiNc-loaded PEG-PCL nanoparticles with “always on” fluorescence were used 

as a control (Figure 8A-C). In vivo studies confirmed that 24 h following systemic 

administration, the “activatable” SiNc-NPs accumulated in the subcutaneous endometriotic 

grafts resulting in the delineation of endometriotic lesions through NIR fluorescence (Figure 

8D-F). These observations were made using an FDA-approved intraoperative imaging 

system, Fluobeam® 800, adding a layer of clinical relevancy and translational convenience 

(Figure 8D). These results are in line with a previous study that showed preferential 

accumulation and activation of SiNc-NP in ovarian cancer cells after systemic 

administration, which further strengthens the possible pathophysiological overlap between 

cancer tumors and endometriotic lesions.[21]

5. Nanoparticle-Based Treatment Modalities

The literature review suggests that various nanoparticle-based modalities were developed for 

endometriosis treatment, including gene therapy, phototherapy and immunotherapy (Table 

1). Nanoparticles were employed as both therapeutic agents, and/or delivery vehicles for 

other drugs (e.g., siRNA, small molecules etc.). In addition to single-agent therapies,
[44, 61, 99, 104] nanoparticle-based approaches allow concurrent delivery of combinations of 

therapeutic agents that target multiple pathways in endometriosis resulting in novel 

combinatorial therapies.[100, 101] The developed nanomedicines were tested for attenuation 

of endometriosis-related pain, reducing inflammation, addressing hormone balance, and 

eradication of lesions.[44, 100, 101] Importantly, the available reports illustrate the potential for 

some cancer nanomedicines to be adapted for endometriosis, because these two diseases 

share many pathophysiological features (e.g. angiogenesis, ROS etc.).[11, 43]

5.1. Therapeutic Targets

An optimal treatment strategy for any pathology with multiple therapeutic targets would 

entail the use of a single drug, or combination of drugs, that acts on more than one pathway.
[13, 24, 133] Decades of cancer research using nanomaterial-based therapies has shown that 

encapsulation of different therapeutic molecules within the same delivery system can 

provide advantages over delivering the same agents in separate vehicles, such as 

nanoparticle uniformity, ratiometric drug loading, temporal drug release, synergistic effects, 

and reduced chemoresistance.[24, 134, 135] A number of different therapeutic pathways have 

been considered for development of novel single-agent and combinatorial nanomedicines for 

endometriosis.[11, 43, 44, 61, 98, 99, 104]

Oxidative stress (OS) has been implicated in various disease states, including cancer, 

endometriosis, and cardiovascular disease.[136, 137] It is believed that oxidative stress 

contributes to the pathogenesis of endometriosis by causing a general inflammatory response 

in the pelvic cavity.[41, 136, 138] This inflammatory reaction may increase local aromatase 

activity and estrogen levels. Similar to cancer tumors, ROS have been shown to increase the 

proliferation rate of endometriotic cells.[139] Oxidative stress has also been shown to induce 

overexpression of VEGF mRNA and increased angiogenesis.[140] Menstrual reflux is 

theorized to contribute to an imbalance in ROS and antioxidant defenses through deposition 
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of erythrocytes, apoptotic endometrial tissue, and cellular debris in the peritoneal cavity.[141] 

The accumulation of this retrograde menstruation, and its subsequent hemolysis and 

degradation, is responsible for an abundance of hemoglobin (Hb), heme, and iron derivatives 

in the peritoneal environment. The effects of free, unchelated iron are numerous within the 

context of endometriosis in the peritoneal cavity; iron-induced damage to mesothelium 

creates adhesion sites for endometrial cells, angiogenesis is induced in endothelial cells due 

to activation of nuclear transcription factor kB (NF-kB), the proliferation of endometrial 

cells is increased by iron-containing proteins, and accumulation in peritoneal macrophages 

exceeds their capacity for sequestration of iron by ferritin.[141] As a result, oxidative stress 

phenomena have become popular targets for the development of therapeutic strategies, 

including those based on nanomaterials.

In addition to angiogenesis and oxidative stress, matrix metalloproteinase (MMP) activity 

has also been implicated in the implantation, proliferation, and persistence of endometriotic 

lesions.[142] MMP’s are a group of enzymes that contribute to the degradation of 

endometrial tissues during menstruation and are differentially expressed throughout the 

phases of the menstrual cycle.[143] MMP activity is believed to contribute to various stages 

of tumor development, including establishment, growth, neovascularization, and metastasis.
[144] MMP’s may help in a similar way to establish endometriotic lesions through 

destruction of the extracellular matrix (ECM) of peritoneal mesothelium, allowing 

endometriotic cells to invade the surrounding tissues. Tissue inhibitors of metalloproteinases 

(TIMP) are endogenous proteins that bind and inhibit the activity of MMP’s, and imbalances 

in MMP/TIMP are implicated in the alteration of ECM degradation.

5.2. Combinatorial Therapies

Given the fact that endometriosis is an estrogen (E2)-dependent disease, and oxidative stress, 

ECM degradation, and angiogenesis play an essential role in the pathogenesis of 

endometriosis, Jana et al. proposed a novel combinatorial therapy based on two therapeutic 

agents, curcumin and letrozole.[100] Curcumin (Cur) is known for its antioxidant, anti-

angiogenic and anti-inflammatory activities,[145] while letrozole acts as an aromatase 

inhibitor, impairing the conversion of estrogen precursors to E2, and has been shown to 

reduce the size of endometriotic lesions and associated pain in patients.[146, 147] To improve 

the aqueous solubility of curcumin and enhance the delivery of both therapeutic agents, 

PLGA nanoparticles have been loaded with letrozole, curcumin, or a combination of both 

molecules, and their efficacy was evaluated in mice bearing intraperitoneal xenografts of 

fragmented endometrium of uteruses obtained from donor animals.[100] Following four 

intraperitoneal injections of either single or dual drug-loaded nanoparticles (Let-NP, Cur-NP, 

and Let-Cur-NP) within 20 days, visual inspection of the peritoneal cavities, and 

immunohistochemical analysis of the peritoneal tissue, suggested that all three formulations 

significantly reduced lesions and endometrial glands. In contrast to Let-Cur-NP and Let-NP, 

blood vessels, however, were still present around the endometrial tissue following Cur-NP-

based treatment. Importantly, it was demonstrated that combinatorial therapy is more 

effective in changing oxidative stress parameters (ROS, lipid peroxidation (LPO) and total 

antioxidant capacity (TAC)), angiogenic marker (VEGF), matrix-degrading molecules 

(MMP-2 and MMP-9), and estrogen levels (E2, Figure 9). For example, ROS and LPO 
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levels were significantly lower in mice treated with Cur-NP and Cur-Let-NP when compared 

to untreated endometriotic mice, with a slightly more pronounced reduction observed in 

mice treated with dual drug-loaded nanoparticles. Total antioxidant capacity was 

significantly higher in mice treated with Cur-NP and Cur-Let-NP, with slightly higher levels 

seen in dual drug-treated mice. MMP levels were most decreased in mice treated with Cur-

Let-NP, but a significant reduction was also seen in mice treated with Let-NP when 

compared to untreated endometriotic mice. VEGF expression showed a similar trend to that 

seen in ROS and LPO levels; a reduction in both Cur-NP and Cur-Let-NP treated mice, with 

the most significant decrease in dual drug-treated subjects. Finally, estrogen levels in Let-NP 

and Cur-Let-NP groups were also significantly reduced, with the lowest levels observed in 

mice treated with dual drug-loaded NP. Based on the obtained results, researchers concluded 

that the evaluated combinatorial modality outperforms corresponding single treatments, and 

preclinical non-human primate studies are needed to further assess its safety and efficacy.

Singh et al. also evaluated a multi-drug approach to treating endometriosis in a mouse model 

by targeting angiogenesis, oxidative stress, and MMP activity through the delivery of 

epigallocatechin gallate (EGCG) and the antibiotic doxycycline (Dox) in a single polymer-

based nano-delivery system.[101] EGCG is known for its anti-angiogenic, antioxidant, and 

anti-inflammatory effects, as well as its inhibitory effect on MMP’s.[148] However, the 

application of EGCG is limited by its instability and unfavorable bioavailability due to poor 

absorption.[149] Doxycycline has also been shown to inhibit MMP activity in vitro and in 
vivo, but its therapeutic applications are similarly limited by its instability, rapid clearance, 

and inability to reach the site of action.[150] The authors evaluated the effects of single drug- 

(Doxycycline, DNP; EGCG, ENP) and dual drug-loaded (DENP) nanoparticles on 

angiogenesis, oxidative stress, and MMP activity following intraperitoneal injection in 

endometriosis-induced mice when compared to healthy mice. Oxidative stress markers, 

including ROS and LPO, were lower in mice treated with separate DNP and ENP, but were 

dramatically reduced in mice treated with combination DENP when compared to untreated 

endometriotic mice, and were strikingly similar to levels in healthy mice. A similar, but 

inverse, trend was observed with regard to total antioxidant capacity (TAC); untreated 

endometriotic mice and mice treated with DNP reflected lower TAC than mice treated with 

ENP. Mice treated with DENP had TAC levels almost identical to healthy mice. Serum 

MMP levels were significantly lower in mice with endometriosis when treated with single 

drug-loaded ENP and DNP when compared to untreated endometriotic mice. A more 

dramatic decrease in serum MMP levels was seen in mice treated with dual drug-loaded 

DENP, and levels were almost identical to that of healthy controls. An opposite effect was 

observed with regard to TIMP levels; untreated endometriotic mice displayed the lowest 

levels of TIMP-1, with a significant increase in mice treated with ENP and DNP. Healthy 

mice had the highest TIMP-1 levels, and endometriotic mice treated with DENP showed 

levels almost identical to healthy controls. Levels of TIMP-2 showed no significant 

difference across all groups. Angiogenic markers in mouse serum, including vascular 

endothelial growth factor (VEGF), adrenomedullin (ADM), tumor necrosis factor-alpha 

(TNF-α), and angiogenin, were quantified using ELISA. Across all four targets, levels were 

highest in untreated endometriotic mice, with a significant reduction in ENP- and DNP-

treated subjects. Angiogenic markers in DENP-treated mice were even lower than in those 
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treated with ENP or DNP and were comparable to levels in healthy mice. Histological 

analysis of endometriotic tissues appears to confirm the efficacy of single and dual drug-

loaded nanoparticles; a remarkable reduction in the number of endometrial glands was 

observed in all three treatment groups, with the most dramatic decrease observed in those 

receiving combinatorial treatment. Immunohistochemical evaluation of endometrial tissues 

using anti-human platelet/endothelial cell adhesion molecule-1 (PECAM-1) revealed a 

significant reduction in newly formed microvessels across all treatment groups. The most 

dramatic reduction in the number and size of microvessels was observed in mice that 

received combinatorial treatment. Visual observation of peritoneal blood vessels further 

reinforced these findings, with numerous vessels visible in untreated endometriotic mice, a 

significant decrease in DNP- and ENP-treated mice, and the most pronounced reduction in 

DENP-treated mice.

In sum, the studies described above support the notion that co-delivery of multiple 

modalities in a single vehicle can have a more profound therapeutic effect that individual 

drugs delivered separately.

5.3. Single-Agent Therapies

Therapeutic strategies based on a single agent that can target either one or multiple 

therapeutic pathways have also been developed for endometriosis treatment.[44, 99, 102] For 

example, Chaudhury et al. implemented cerium oxide nanoparticles (CNP or nanoceria) as a 

therapeutic agent in an attempt to reduce ROS levels and angiogenesis in the peritoneal 

cavity of mice with induced endometriosis.[99] The radical-scavenging capability of cerium-

oxide nanoparticles is well documented in healthy subjects and various pathologies. At 

physiological pH, cerium exists in two different oxidation states, Ce4+ and Ce3+. Following 

scavenging of free radicals, Ce3+ is oxidized to Ce4+ and then converted back to Ce3+ 

through surface chemical reactions, allowing the molecule to be recycled.[151, 152] Several 

metal ions are known for their role in scavenging of free radicals, and some bacteria that 

contain truncated, dysfunctional genes for superoxide dismutase have even evolved to use 

high intracellular concentrations of metal ions as their sole defensive mechanism against 

ROS. The obtained results revealed that, following systemic administration of a single dose 

of cerium oxide nanoparticles (CNP) at 0.05 mg kg−1 into mice bearing abdominal 

endometriotic grafts, a significant reduction in ROS and lipid peroxidation (LPO) levels was 

observed (Figure 10A) in comparison to control mice and endometriotic mice treated with 

0.9% NaCl or N-acetyl cysteine (NAC, an antiangiogenic agent). Immunostaining with 

CD34 antibodies (a marker for vasculature) revealed a notable decrease in CD34 expression 

in mice treated with CNP, suggesting a reduction in angiogenesis. Histological analysis of 

endometriotic tissues reinforced these findings by demonstrating a significant reduction in 

glands and stroma in mice treated with CNP (Figure 10B). Endometriosis is often associated 

with reduced fertility, and poor oocyte quality is considered to be one of the many causes of 

infertility. Examination of meiotic spindles of oocytes in mice treated with CNP revealed a 

remarkable increase in oocyte quality when compared to endometriotic mice administered 

0.9% NaCl, and even control mice in which endometriosis was not induced.
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In contrast to the above-discussed nanomedicine-based platforms designed for systemic drug 

delivery, Boroumand et al. constructed biodegradable polymeric nanofibers for local and 

sustained release of curcumin in the peritoneum.[102] In vitro studies demonstrated that the 

developed platform could release ~50% of the drug over 30 days, and the implanted 

curcumin loaded nanofibers in the peritoneum of mice result in a considerable reduction of 

endometriotic lesions after 21 days. Histological analysis of the treated lesions further 

revealed a significant decrease in endometrial glands, stroma, and infiltration of 

inflammatory cells when compared to the control group.

A significant body of literature is dedicated not only to therapeutic strategies for the 

treatment of the underlying causes of endometriosis but also to the alleviation of 

endometriosis-related pain.[153] Pain experienced by patients with endometriosis has been 

characterized as a neuropathic and inflammatory pain and, as such, may be alleviated by 

therapies that target associated pathways.[154] One such pathway involves receptor P2X 

ligand-gated ion channel 3 (P2X3), which was previously investigated for its role in cancer-

associated bone pain in rats.[155] A recent report also described the role of P2X3 in 

endometriosis pain via the ERK signaling pathway. A small molecule, A-317491, was 

previously identified as a selective antagonist of P2X3.[156] A 2017 study from Yuan, et al. 

attempted to determine the effects of this small molecule on endometriosis pain in a rat 

model of the disease, when delivered systemically by a chitosan oligosaccharide and stearic 

acid-coated lipid nanocarrier (CSOSA/NLC/A-317491).[44] Fluorescence microscopy 

revealed efficient in vitro internalization of CSOSA/NLC/A-317491 in PC12 rat adrenal 

medullary cells, selected for their high expression of P2X3, within 12 h of treatment. 

A-317491 reportedly affects pain signaling by blocking ATP-induced Ca2+ influx.[155-157] 

To confirm this, the authors used a fluorescence assay to measure intracellular calcium levels 

in PC12 cells following treatment with free A-317491 salt or CSOSA/NLC/A-317491. 

Results showed a significant decrease in intracellular Ca2+ following incubation with 

CSOSA/NLC/A-317491 for 12 h, or A-317491 salt for 1 h, when compared to untreated 

cells and cells treated with empty CSOSA/NLC nanoparticles, implying that the nanocarrier 

itself had no effect on Ca2+ influx and that these effects were, in fact, caused by the small 

molecule drug. In a rat model of endometriosis, CSOSA/NLC/A-317491 nanoparticles 

labelled with DiR showed efficient accumulation in subcutaneous endometrial grafts 

following system administration. To determine the effects of CSOSA/NLC/A-317491 on 

endometriosis hyperalgesia, the authors used paw withdrawal tests to assess nociceptive 

response to mechanical or thermal stimulus at 2, 4, 8, 12, 18, and 24 h following treatment 

with CSOSA/NLC/A-317491 or free A-317491 salt. Mechanical pain threshold (MPT) and 

heat source latency (HSL) were determined for each rat prior to surgery, and every week 

following surgery, to establish a baseline for nociceptive response in treatment and control 

animals. Baseline measurements for MPT and HSL following induction of endometriosis, 

but before treatment, revealed a significant increase in hyperalgesia of endometriotic rats in 

comparison to healthy rats from days 21 to 42 (Figure 11A and B). Measurements of MPT 

and HSL in healthy rats administered with CSOSA/NLC/A-317491 or A-317491 salt 

revealed no difference in nociceptive response when compared to healthy rats administered 

saline (Figure 11C and D). Following treatment, a notable increase in MPT and HSL was 

observed at 2 h, and 4 h in rats administered free A-317491 salt, but the effect had 
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disappeared by 8 h (Figure 11E and F). In contrast, an equally significant increase in MPT 

and HSL was observed in rats administered CSOSA/NLC/A-317491 at 8 h, and this 

antinociceptive effect continued through 24 h. These results demonstrate the effectiveness of 

both free A-317491 salt and CSOSA/NLC/A-317491 in the alleviation of hyperalgesia, and 

suggest that a combinatorial treatment including both formulations of the small molecule 

may be even more effective than either treatment alone, theoretically, by providing a burst 

release of immediately available A-317491 salt to relieve hyperalgesia for the first 4 h 

following delivery, and an extended antinociceptive effect from CSOSA/NLC/A-317491. 

The authors would be well advised to repeat these experiments with different dosages of 

each formulation in an extended longitudinal study to determine how long these effects will 

last.

5.4. Gene Therapy

One of the more exciting and challenging developments in experimental medicine has been 

the emergence of gene therapy. This field focuses on the intracellular delivery of nucleic 

acids, either DNA or RNA, for the treatment of disease.[158] Depending on the desired 

molecular interaction, gene therapy can be used to produce functional proteins or to inhibit 

the expression of harmful genes following the transfection of target cells, and these effects 

can be achieved using various methods. Plasmid DNA encoding genes of interest can be 

delivered to the nucleus and can either be transiently expressed or stably integrated in the 

genome for long-term expression.[159] Messenger RNA (mRNA) can also be delivered to the 

cytosol, where free ribosomes translate the transcripts into functional proteins.[17] Small 

interfering RNA (siRNA), short hairpin RNA (shRNA), and micro RNA (miRNA) can be 

used to inhibit gene expression and/or protein activity by binding to target sites on genomic 

DNA, mRNA transcripts, or proteins.[160-162] Delivery of naked nucleic acid presents 

significant obstacles, including its inherent instability (especially RNA), immunological 

response following systemic administration, and difficulty in traversing negatively charged 

cellular membranes. Viral and non-viral vectors have been used successfully to protect 

nucleic acids from degradation, prevent their recognition by the immune system, and 

increase their transfection efficiency.[163, 164] Both categories of vectors can shield nucleic 

acids from enzymatic digestion. However, viral delivery vehicles demonstrate superior 

transfection efficiency, whereas non-viral vectors elicit little to no immunological response, 

and the decision to use one over the other is generally viewed as a trade-off between the two 

parameters. Gene therapy has been used with great success in the treatment of cancer and is 

a promising method for the treatment of endometriosis.[165] Experimental strategies for gene 

therapy of endometriosis have focused primarily on inhibition of angiogenesis, addressing 

hormonal imbalance, reducing inflammation, and attenuation of endometriosis-associated 

pain. For a review of gene therapy in endometriosis treatment, see Shubina, et al., 2013.[165] 

While almost all of the studies in the review as mentioned above employed viral vectors for 

nucleic acid delivery, the purpose of this section is to highlight gene therapy studies of 

endometriosis using non-viral vectors.

A gene therapy study from 2011 by Zhao, et al.[45] was inspired by an earlier report that 

pigment epithelium-derived factor (PEDF) was effective at inhibiting angiogenesis in an 

orthotopic model of metastatic osteosarcoma.[166] PEDF is a protein that has been shown to 
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display potent antiangiogenic activity, negating the effects of several angiogenic factors 

including VEGF, and has previously been used to inhibit both cancer and endometriosis.
[167-169] However, treatment using PEDF protein may require prolonged treatment with 

repeated administration due to its pharmacokinetic profile. The use of PEDF plasmid, 

delivered via stearic acid-grafted chitosan oligosaccharide micelles (CSO-SA/PEDF), 

showed a ~50% decrease in the volume of endometriotic lesions in rats two weeks after 

systemic administration (Figure 12A, B and C).[45] Histopathological analysis of 

endometriotic tissues showed a higher apoptotic index in the CSO-SA/PEDF treatment 

group relative to controls, in addition to a decrease in endometrial glands and stroma (Figure 

12D and E). Furthermore, immunohistochemical analysis using anti-von Willebrand factor 

(vWF) revealed that microvessel density significantly decreased in CSO-SA/PEDF treated 

rats compared to control animals.

The same group previously identified aquaporin 2 (AQP2) as a potential target for gene 

therapy of endometriosis due to its reported estrogen-response effect.[170] It was reported 

that an estrogen-response element was identified in the AQP2 promoter sequence, and 

estrogen exposure increased AQP2 expression in a dose-dependent manner in vitro. 

Furthermore, estrogen significantly increased migration, invasion, adhesion, and 

proliferation of immortalized human endometrial adenocarcinoma cells, and these features 

were significantly reduced following AQP2 expression knockdown using AQP2 siRNA. This 

led Zhao et al. to construct polymeric nanoparticles using chitosan oligosaccharide, 

polyethylenimine (PEI), AQP2 inhibitory siRNA, and hyaluronic acid (HA) as a targeting 

moiety to CD44 receptors, and evaluate their efficacy in a rat model of endometriosis 

through inhibition of AQP2.[61] Two weeks following intravenous injection of 5mg kg−1 

(CSO-PEI/siRNA)HA nanoparticles, the inhibition rate of endometrial cyst growth increased 

by ~56% relative to controls, and disorganization and atrophy of endometrial glands and 

stroma was observed in treated animals (Figure 13A). The provided results also confirmed 

(CSO-PEI/siRNA)HA had no adverse effects on reproductive organs such as ovary and 

uterus (Figure 13B).

Another antiangiogenic gene therapy strategy used polyamidoamine (PAMAM) dendrimer 

as a delivery vehicle for plasmid encoding endostatin (PAMAM-ES).[104] Endostatin acts as 

a potent inhibitor of angiogenesis by specifically inhibiting proliferation of endothelial cells, 

and was first described in mouse hemangioendothelioma.[171] The antiangiogenic properties 

of endostatin are well established in endometriosis, but earlier studies used recombinant 

endostatin protein whose short half-life requires long-term treatment with repeated 

administration, limiting its utility in a clinical setting. Following direct injection of 

PAMAM-ES in GFP-expressing subcutaneous endometriotic lesions in nude mice, a 

significant reduction in fluorescence as a measure of lesion size was noted in comparison to 

control mice over 30 days. After 30 days, excised lesions in PAMAM-ES treated mice were, 

indeed, significantly smaller than those in control animals, and expression of CD31, a 

marker of angiogenesis, was significantly reduced relative to controls. It should be noted 

that, while the findings of this study are promising, their results are dependent on direct 

injection of nanoparticles in subcutaneous endometriotic lesions. As a step further toward 

clinical translation, the authors would be well-advised to test this treatment modality 

following systemic administration.
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Noncoding RNA (ncRNA) and long noncoding RNA (lncRNA) are RNA transcripts that are 

not translated into proteins, but which can often perform regulatory functions and can affect 

gene expression at the transcriptional or post-transcriptional level. Their involvement in 

regulatory functions such as translation, RNA splicing, DNA replication, and gene 

regulation has been well documented, as have their roles in various disease states including 

cancer and endometriosis.[172] One such lncRNA, metastasis-associated lung 

adenocarcinoma transcript 1 (MALAT1), was found to influence epithelial-to-mesenchymal 

transition (EMT), a process by which epithelial cells acquire mesenchymal phenotypes, 

making them highly motile. EMT has, in turn, been implicated in the pathogenesis of 

endometriosis. Previous reports have suggested that EMT can be blocked by inhibition of 

zinc finger e-box binding homeobox 1 and 2 (ZEB1 and ZEB2) mRNA by members of the 

miR-200 family of miRNA.[173] A 2017 gene therapy study from Liang et al. found that 

MALAT1 acts as a decoy for miR-200c, and negates its suppressive effect on ZEB1 and 

ZEB2.[98] The authors constructed polyethylenimine-polyethylene glycol-arginine-glycine-

aspartic acid (PEI-PEG-RGD) nanoparticles carrying miR-200c mimic RNA (miRNA@PEI-

PEG-RGD) and evaluated their effect on ex vivo human endometriotic stromal cells 

(HESC’s) and in a subcutaneous rat model of endometriosis. Following transfection, 

proliferation and migration of HESC’s were significantly inhibited in comparison to 

controls. An miR-200c inhibitor was also shown to drastically upregulate HESC 

proliferation and migration. Downregulation of MALAT1 was shown to be affected by 

miR-200c in a dose-dependent manner, and several mesenchymal markers were significantly 

downregulated in HESC’s following treatment with miRNA@PEI-PEG-RGD. Western blot 

analysis confirmed decreased expression of ZEB1 and ZEB2 following treatment with 

miRNA@PEI-PEG-RGD, and upregulation of the same proteins when treated with 

miR-200c inhibitor. As evidenced by qRT-PCR analysis, transcript levels of MALAT1 in 

HESC’s treated with miR200c were significantly lower than in controls, whereas treatment 

with miR-200c inhibitor restored, and significantly increased, MALAT1 levels. Twenty days 

following direct intra-lesional injection of miRNA@PEI-PEG-RGD nanoparticles in a rat 

model, endometriotic cyst volume was significantly decreased in comparison to controls 

(saline, empty delivery vehicle, and scrambled miRNA). The administration of an miR200c 

inhibitor resulted in a profound increase in cyst volume, far beyond that of controls (Figure 

14). Though these findings may reveal a novel therapeutic target for endometriosis, they are 

the result of direct injection of subcutaneous lesions and should be further explored 

following systemic administration of the non-viral gene therapy vector.

In summary, several gene therapy strategies developed for cancer research have been 

successfully applied in the experimental treatment of endometriosis, including viral and non-

viral delivery vehicles. Both classes of transfection agents are quite effective at protecting 

nucleic acids and other cargo from degradation in systemic circulation and delivering them 

to disease sites via passive or active targeting. However, although gene therapy has been 

successful at affecting the expression of targeted or delivered genes and reducing lesion size 

in vivo, these strategies fall short of completely eradicating endometriotic lesions. Future 

studies may result in increased efficacy when nanomaterial-based strategies are applied as 

combinatorial treatments that target multiple genes or disease pathways, or that combine 
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different strategies such as gene therapy and small drug molecules in a single treatment 

modality.

5.5. Phototherapy

Phototherapy is a therapeutic modality in which light energy is either focused and used to 

treat diseases directly, as in the treatment of jaundice, or used to activate a photosensitive 

agent (photosensitizer) to elicit a therapeutic response.[29] In the case of photosensitive 

agents’ application, phototherapy is generally classified into one of two categories, 

photothermal therapy (PTT) and photodynamic therapy (PDT). In PTT, light-absorbing 

molecules are used to convert light energy into heat energy and generate localized 

hyperthermia of the lesion. The generated heat leads to cell death mainly through induction 

of necrosis or apoptosis.[21, 29, 122, 174] On the other hand, photodynamic therapy is a 

method used to destroy diseased tissue mainly through the generation of toxic ROS from the 

interaction between excited photosensitizers and molecular oxygen.[21, 29, 122, 174] Both of 

these modalities have been explored widely in cancer studies,[21, 29, 122, 174] and would be 

preferred over radiation and chemotherapy in large part due to the tumor-specific 

accumulation and activation by biocompatible photosensitizers with safe, focused light, 

causing minimal damage to surrounding tissue.

Studies have utilized a variety of photosensitizers for PTT and PDT application in cancer 

and endometriosis. However, most commonly used organic photosensitizers are hydrophobic 

resulting in reduced water solubility, which makes them difficult to administer systemically, 

leading to inefficient delivery to target tissues.[175] In this regard, nanoparticles have proven 

to be a promising route to improve the efficiency of PTT and PDT, mainly due to their 

capability to efficiently deliver photosensitizing agents to diseased tissue, while 

simultaneously improving water solubility and stability in systemic circulation.[20, 21] 

Furthermore, these characteristics can be coupled with active targeting through surface 

modification of nanoparticles, via conjugation or other chemical alterations, in order to 

increase their selectivity and accumulation in disease sites.[176]

Nanoparticles are also versatile in their application. Some nanoparticles carry and deliver 

photosensitizers to lesions, while others act as photosensitizers themselves and generate heat 

upon exposure to light.[20, 21, 43] Considering the pathophysiological similarities between 

cancer and endometriosis (angiogenesis, EPR effect, etc.) nanoparticle based-PTT platforms 

can play a significant role in endometriosis treatment. However, the application of PTT in 

endometriosis is not as well explored as it is for cancer. To the best of our knowledge, only 

two studies used nanoparticle-based PTT for the eradication of endometriotic lesions.[11, 43] 

The first study, developed by Moses et al., employed silicon naphthalocyanine (SiNc) loaded 

PEG-PCL nanoparticles and NIR light for photothermal treatment of endometriosis.[11] SiNc 

was the photosensitizer of choice due to its high NIR absorption rates (ε = 2.5x105 M−1 cm
−1) in the spectral range of 750 nm to 800 nm which corresponded to enhanced heating 

efficiency.[29] In vitro photothermal efficiency of the developed SiNc nanoparticles (SiNc-

NP) was investigated by incubating monkey endometriotic stromal cells (30 μg mL−1) over a 

two day period. Subsequent exposure of incubated cells to NIR light (780 nm, 0.9 W cm−2) 

for 15 min increased the intracellular temperature to 53 °C leading to the death of 95% of 
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the cells. SiNc-NP was then administered intravenously (3 mg kg−1) to endometriotic lesion-

bearing mice via tail vein injection, and whole-body fluorescence imaging showed the 

nanoparticles efficiently accumulated in endometriotic lesions (Figure 2). Exposure of 

lesions to NIR light for 15 min, 24 hours post-injection, raised the intralesional temperature 

to 47 °C, leading to their eradication within 4 days (Figure 15A and B). Histological 

analysis confirmed the destruction of glands and stroma in endometriotic grafts, 

accompanied by a loss of ESR1 and PGR receptors, rendering them unresponsive to 

hormonal stimulation and eliminating their potential for growth under estrogen (Figure 15C-

G). In addition, NIR light or SiNc-NP alone had no impact on the viability of endometriotic 

cells, confirming the photothermal phenomenon is mutually inclusive of both components 

(Figure 15B). This approach was originally developed by the same group to successfully 

eradicate tumors in murine cancer models with no sign of acute toxicity.[21]

In the second study, Guo et al. investigated the efficiency of non-targeted hollow gold 

nanospheres (HAuNS) as well as TNYL tagged HAuNS (TNYL-HAuNS) in photothermal 

treatment of endometriotic lesions.[43] TNYL conjugation increased selective accumulation 

of nanoparticles in endometrial cells by binding to the overexpressed EphB4 receptor. 

Exposure to NIR light of passively and actively targeted gold photosensitizers, led to a 

temperature increase of an aqueous suspension. Biodistribution profiles revealed a 

significantly higher accumulation of targeted nanoparticles in lesions following systemic 

administration (Figure 4A). Exposure of endometriotic grafts to higher intensity NIR light 

(808 nm, 2 W cm−2) for 10 min on days 2 and 4 after injection of targeted and non-targeted 

nanoparticles inhibited the growth of lesions by 92.7% and 77.2%, respectively. However, 

NIR light at this intensity, as well as nanoparticles alone, caused minor inhibition to lesion 

growth. Lastly, as was the case in the first study, this system was also initially developed for 

photothermal ablation of cancer cells in mouse models.[48]

The excitation of some photosensitizers in lesions upon exposure to NIR light can also lead 

to cell death through PDT.[177] Large amounts of resources have been invested in exploring 

the cytotoxic effects of PDT in cancer studies. However, its application in endometriosis 

treatment is poorly investigated. A literature search showed the application of nanoparticles 

can enhance the efficiency of PDT in cancer but is yet to be applied for endometriosis. 

Earlier studies have used aminolaevulinic acid (ALA)-induced endogenous tissue 

photosensitizer Protoporphyrin IX (PPIX), previously used in cancer studies, to investigate 

its therapeutic potential in PDT-based endometriosis treatment.[178] PPIX was shown to have 

absorption wavelength around 405 nm and emission bands around 635 and 710 nm and was 

used for photodynamic cancer therapy, like superficial basal cell cancers and Bowen's 

disease.[179] Because of its therapeutic effect in cancer studies, others investigated its effect 

in endometriosis using exogenous 5-ALA as PPIX inducer in primary cultures of 

endometriotic epithelium.[180, 181] Although there were ALA resistant cells present, the 

majority of results indicated that light exposure of PPIX induced apoptosis of cells. 

However, in vivo studies revealed that nonspecific accumulation of a photosensitizer in 

various organs could potentially lead to healthy tissue damage upon exposure to light. In this 

regard, nanoparticle formulations can improve endometriotic lesion-specific delivery of 5-

ALA and enhance the accumulation of PPIX. Furthermore, the formation of photoproducts 

Moses et al. Page 25

Small. Author manuscript; available in PMC 2021 March 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



through the interaction of PPIX with the resulting cytotoxic oxygen species led to rapid 

photobleaching, which reduced its treatment window.[182]

The above-discussed studies confirm that nanoparticle-based photothermal therapy can be 

useful in the elimination of endometriotic lesions and further suggest that other novel 

nanoparticles previously used in cancer have the potential to be repurposed for PTT 

treatment of endometriosis. However, due to limited tissue penetration, the intensity of light 

required for activation of currently available photosensitizers can only be achieved intra-

operatively and, therefore, the developed phototherapies have the potential to be translated to 

clinical application, but likely limited as a component of surgical intervention. To our 

knowledge, the number of reports describing PDT application in endometriosis is sparse 

and, therefore, it is not clear whether PDT could be an efficient treatment for this disease.

5.6. Immunotherapy

Immunotherapy treats disease by either activation or suppression of the immune system, and 

its popularity has grown in recent years due to its use in the treatment of various cancers.
[183] Activation immunotherapy initiates or amplifies an immune response by stimulating the 

immune system, either through targeting specific populations of immune cells such as 

macrophages, dendritic cells, natural killer cells, T cells, and other lymphocytes, or by non-

specific stimulation of the immune system, in general, using cytokines and cell-signaling 

molecules.[184, 185] Suppressive immunotherapies inhibit immune responses in order to 

attenuate the effects of autoimmune disorders and allergic reactions or to prevent rejection of 

transplanted organs. While the use of nanoparticles in cancer immunotherapy, and the 

immunological aspects of endometriosis have both been explored, studies involving 

nanoparticle-mediated immunotherapy of endometriosis are scarce.

Macrophages play an essential role in many disease states including cancer, and a growing 

body of literature suggests that they are involved in regulating the implantation and 

progression of endometriosis. The ability of macrophages to recognize and clear endometrial 

cells from the intraperitoneal cavity is dependent on the functionality of membrane 

scavenger proteins SR-A1 and SR-B of the pattern recognition receptor (PRR) family. These 

PRR’s were shown to be underexpressed in peritoneal macrophages of women with 

endometriosis compared to those of healthy women, and their decreased expression was 

shown to result in impaired function of macrophages with regard to their interaction with 

endometrial cells. Antsiferova et al. attempted to increase the expression of these proteins 

and others in peritoneal macrophages through the delivery of glucosaminyl 

muramyldipeptide (GMDP) immobilized on the surface of mesoporous silica nanoparticles 

(UMNP) and aminopropyl functionalized silica nanoparticles (AMNP), and compare their 

activity to free GMDP.[186] GMDP is a derivative of muramyl dipeptide, which is the active 

fragment of bacterial cell wall peptidoglycan. It has been shown to stimulate adaptive and 

innate immune responses in mice, albeit with low bioavailability.[187] Phagocytic response to 

GMDP was shown to be regulated by another PRR, nucleotide-binding oligomerization 

domain 2 (NOD2).[188] Sol-gel silica materials are a popular class of carrier for drug 

molecules because of their biodegradability, high surface area, and absence of cytotoxicity 

or genotoxicity.[189] Peritoneal mononuclear cells were collected during laparoscopic 
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examination of patients with endometriosis who had not received hormone therapy for at 

least three months prior to sample collection. Incubation of macrophages with GMDP-

loaded UMNP or AMNP did not negatively affect the expression of functional membrane 

molecules, and flow cytometry revealed their strong interaction with empty, FITC-labelled 

UMNP and AMNP. Following 24 h incubation of macrophages with GMDP-AMNP, 

significantly higher expression of CD36 (SR-B) and CD204 (SR-A1) was observed using 

monoclonal antibody staining and flow cytometry, when compared to controls, whereas 

GMDP-UMNP had no significant effect. Also, qRT-PCR revealed a significant increase in 

expression of NOD2 in AMNP-treated cells, and no significant difference in expression was 

detected for UMNP, when compared to negative controls and cells treated with free GMDP. 

Receptor for advanced glycation end products (RAGE), another PRR associated with 

inflammatory response, was also significantly increased in GMDP-AMNP treated cells, 

compared to no significant difference when treated with GMDP-UMNP. Suppressor of 

cytokine signaling 1 (SOCS1), a negative-feedback regulator of PRR-induced signaling, was 

significantly inhibited by free GMDP and GMDP-UMNP but was unaffected by GMDP-

AMNP in comparison to controls. The authors contend that the high level of suppression 

may be caused by cellular mechanisms that maintain the balance between the pro- and anti-

inflammatory signals. A significant upregulation of matrix metalloproteinase 9 (MMP-9), 

and tissue inhibitor of metalloproteinase 1 (TIMP-1, the corresponding inhibitor of MMP-9), 

was also observed. As previously mentioned, MMP’s play a significant role in the ability of 

endometriotic cells to implant in peritoneal tissue. However, the literature also suggests that 

MMPs (e.g., MMP-9) are important for macrophages to degrade the extracellular matrix of 

cells designated for phagocytosis, and that suppression of this MMP is correlated with the 

severity of endometriosis.[190] The authors suggest that similar to the increase in SOCS1 

mRNA, this upregulation of TIMP-1 may be a natural response to increased expression of 

MMP-9 in an attempt to prevent unbalanced macrophage activation. These are promising 

results in the sense that they help to identify possible therapeutic targets for the treatment of 

endometriosis, and the application of this treatment modality in an animal model is 

encouraged.

T cells are lymphocytes that originate in the thymus gland (hence their name), and they play 

many roles in regulating the immune response. There are several specialized subpopulations 

within the broader category of T cells, including regulatory T cells (Tregs). Tregs are 

responsible for suppressing excessive, deleterious immune responses by regulating other 

lymphocytes in order to maintain homeostasis and immunological self-tolerance, and their 

role in immunopathological conditions has been extensively investigated.[191] Cytotoxic T 

lymphocyte antigen 4 (CTLA-4) is an immune checkpoint receptor expressed by CD4 + 

CD25 + Tregs, and inhibition of this protein using anti-CTLA-4 antibody has been shown to 

disable the inhibitory mechanism of Tregs and boost the body’s immune response to cancer.
[192] It was reported that high concentrations of CD4 + CD25 + Tregs had been found in the 

peritoneal fluid of women with endometriosis.[193] It has also been shown that endometrial 

stromal cell invasion and proliferation are stimulated by IL-10 and TGF-β secreted by CD4 

+ CD25 + Tregs.[194] A 2017 study attempted to determine whether PLGA nanoparticles 

loaded with anti-CTLA-4 antibody could more effectively inhibit the invasion and 

proliferation of endometriosis than free anti-CTLA-4 antibody in vitro, through suppression 
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of CD4 + CD25 + Tregs isolated from endometriotic lesions of a mouse model and co-

cultured with ectopic endometrial cells.[103] The authors created a mouse model of 

endometriosis by using the autologous endometrial transplantation method. Twenty-one days 

following implantation, peritoneal fluid containing Tregs was collected and treated with anti-
CTLA-4 alone or PLGA-anti-CTLA-4 nanoparticles for 14 days. Prior to treatment, the 

concentration of CD4 + CD25 + Tregs in peritoneal fluid of endometriotic mice was 

determined to be more than twice that of healthy mice. At day 7, using flow cytometry, a 

significant decrease in CD4 + CD25 + Tregs was noted in nanoparticle-treated fluid of 

endometriotic mice following staining with FITC and APC. By day 14, this decrease was 

even more pronounced, whereas the level of CD4 + CD25 + Tregs in peritoneal fluid treated 

with free antibody alone remained largely unchanged. Endometrial grafts were dissociated 

into individual Tregs and ectopic endometrial cells (EEC) and co-cultured for 14 days. By 

days 7 and 14, a significant reduction in proliferation of EEC’s was noted in cultures treated 

with PLGA/anti-CTLA-4. In contrast, cells treated with free antibody showed almost no 

change in proliferation. A Matrigel assay showed similar results concerning the invasion of 

EEC’s; the invasion index of cells treated with PLGA/anti-CTLA-4 revealed significant 

inhibition when compared to untreated co-cultures, with levels matching that of negative 

controls by day 14. In contrast, cells treated with free antibody demonstrated little change in 

invasion index. Levels of IL-10 and TGF-β were similarly affected; treatment with 

nanoparticles significantly reduced the levels of cytokines, but treatment with free antibody 

showed almost no change when quantified using ELISA. To confirm that the decrease in 

proliferation and invasion was due to decreased expression of IL-10 and TGF-β, free 

antibodies for these proteins were used to treat EEC’s either alone, or in combination. 

Results showed that proliferation of EEC’s decreased significantly when treated with anti-
IL-10 alone, and in combination with anti-TGF-β, but treatment with anti-TGF-β alone had 

no effect. Invasion of EEC’s was significantly inhibited following treatment with both 

individual and combined antibodies.

Taken together, the results of these studies indicate significant potential for immunotherapy 

to be an option for the treatment of endometriosis. As with other experimental treatments, 

better outcomes using immunotherapy may be achieved when combined with other 

treatment modalities to target multiple pathways for synergistic effects. Further application 

of immunotherapy in animal models is warranted, as are studies elucidating other shared 

immunological features of cancer and endometriosis.

5.7. Natural Product-Based Therapies

Many small molecules are known for their inhibitory effects on various diseases, including 

cancer and endometriosis.[195, 196] These molecules are sometimes derived or isolated from 

natural products and, as a result, may often only be available in the form of a crude extract 

containing multiple compounds. Copaiba oleoresin (CPO) is a natural product isolated from 

plants of the genus Copaifera, represented by 72 species, including Copaifera langsdorffii 
and contains several compounds, including β-caryophyllene, which binds directly to the 

CB2 endocannabinoid receptor. The endocannabinoid system plays a role in several 

physiological processes, including analgesia, neurogenesis, and immune cell function. A 

previous report already validated that an oral formulation of copaiba oil can inhibit the 
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growth of endometriotic lesions in rats.[197] Therefore, several research groups proposed that 

encapsulating copaiba oil extracts within nanomaterials may provide advantages for their 

bioavailability, delivery, safety, and therapeutic effect.[198-200]

A 2016 study by de Almeida Borges et al. evaluated the effects of copaiba oleoresin, 

containing 5.05% w/w of β-caryophyllene, on endometrial cells when delivered using a 

PLGA nanoparticle formulation.[199] The authors collected endometrium from patients 

without endometriosis (CESCs), endometrium from patients with endometriosis (EuESCs), 

and ectopic endometrium from endometriotic lesions (EctESCs), and the established 

endometrial stromal cells from the obtained samples were incubated with empty and CPO-

loaded nanoparticles for various periods. When treated with 300 μg mL−1 CPO-loaded 

nanoparticles, CESCs showed a slight inhibition compared to untreated cells and cells 

treated with empty PLGA nanoparticles only after 72 h incubation, indicating that PLGA 

itself had no effect on cells and that the observed minor inhibition of CESCs was the result 

of CPO. It was further revealed that the CPO-loaded nanoparticles preferentially reduce the 

viability of EuESCs and EctESCs by >50% after 72 h but their effect on both cell lines is 

similar.

In contrast to CPO-loaded PLGA nanoparticles, the same research group demonstrated that 

copaiba oleoresin encapsulated in a non-toxic lamellar silicate nanocomposite (Viscogel B8, 

VB8) significantly reduces the cell viability and proliferation of all three endometrial cell 

lines (CESCs, EuESCs, and EctESCs).[198] Moreover, the observed therapeutic effect of 

COP nanocomposites was the most pronounced in the endometrial stromal cells obtained 

from endometriotic lesions (EctESCs). For example, a 60% reduction in proliferation of 

EctESCs was observed when treated with 300 μg mL−1 VB8 COPA nanocomposite, while 

the proliferation of CESCs and EuSCs decreased by 20% and 35%, respectively, with the 

same formulation and concentration. At the same time, no reduction in proliferation was 

seen in cells treated with the same concentration of VB8 organoclay alone. These results are 

in agreement with a previous report by da Silva et al., indicating that copaiba oil-resin 

encapsulated in a similar VB8 nanocomposite (NanoCOR) has a more significant effect on 

the morphology, survival, and proliferation of human endometriotic cells (EctESCs) than on 

endometrial stromal cells (CESCs and EuESCs).[200] Moreover, the endometrial stromal 

cells obtained from patients with endometriosis (EuESCs) respond better to this formulation 

than the endometrial stromal cells obtained from patients without endometriosis (CESCs).

While these results suggest that some nanoparticle-based formulations of copaiba oleoresin 

are non-toxic and may inhibit the proliferation and viability of the human endometriotic 

stromal cells (EctESCs) in culture, it is still unclear whether this treatment modality would 

demonstrate the same effects in an animal model of endometriosis or human patients. 

Therefore, further experimentation is needed to determine whether similar results can be 

obtained in a relevant animal model of endometriosis. Because copaiba oleoresin 

nanocomposites made from VB8 organoclay affects the endometrial stromal cells obtained 

from patients without endometriosis (CESCs), although to a lesser extent, potential side 

effects of these formulations should be carefully evaluated.
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6. Conclusion and Future Perspective

Although the application of nanomedicine for endometriosis is still in its infancy, the 

available reports suggest that nanoparticle-based strategies can shift the current paradigm for 

diagnosis and treatment of endometriosis. Importantly, the literature review reveals that 

nanoparticle-based platforms, designed for and validated in cancer studies, demonstrate 

similar biodistribution profiles and efficacy in rodent models of endometriosis and can 

potentially be employed for endometriosis detection and treatment. Moreover, these studies 

indicate that current knowledge and some fundamental principles of cancer nanomedicine 

can also be used to advance novel nanoparticle-based strategies for endometriosis.

Despite the available evidence that nanoparticles can accumulate in both cancer and 

endometriotic lesions, presumably via passive targeting (EPR effect), endometriosis, 

however, has different etiology and pathogenesis and, therefore, the exact mechanisms of 

nanoparticle accumulation in ectopic endometrium following systemic administration must 

be extensively investigated and clarified. Moreover, there is currently a debate regarding the 

role and significance of the EPR effect in nanoparticle delivery to cancer tissue. It has even 

been suggested, with convincing evidence, that inter-endothelial gaps and fenestrations in 

tumor vasculature may not be as ubiquitous as previously believed, and might not be 

responsible for the preferential “leakage” of nanoparticles into tumors. Instead, the majority 

of accumulated nanoparticles in cancer tissues from tumor vasculature may be attributable to 

active processes through endothelial cells.[201] Taking all factors into account, understanding 

the prevailing mechanisms responsible for nanoparticle accumulation and retention in 

endometriotic lesions is crucial for the successful future of endometriosis nanomedicine 

because it will guide the optimal design of efficient nanoparticles engineered for the specific 

pathophysiological features of this disease.

Because the potential of nanoparticle-based platforms for imaging and treatment of 

endometriosis has heretofore been demonstrated only in rodent models, there is also an 

urgent need to evaluate their efficacy in more clinically relevant animal models (e.g., 

monkeys) and human clinical trials. This is especially true for strategies involving hormonal 

manipulation, as endometriosis is estrogen-dependent, or progestin-resistant, and occurs 

naturally only in humans and some non-human primates. Over the years, cancer 

nanomedicines have shown significant therapeutic potential in various rodent models. 

However, the therapeutic outcomes of passively targeted nanoparticles in clinical practice 

are inconsistent mainly due to the inherent heterogeneity of the EPR effect among different 

patients, and even among different tumors in the same patient. Therefore, it is crucial to 

determine whether passive targeting is also heterogeneous in endometriosis patients and 

whether nanoparticles successfully tested in rodent models demonstrate similarly limited 

clinical outcomes. If this is the case, this knowledge will allow researchers to save precious 

time and resources by avoiding rodent studies and focusing instead on the development and 

evaluation of nanoplatforms in more relevant primate models that can be efficiently 

translated to the clinic.
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Figure 1. 
Potential mechanisms of nanoparticle accumulation in endometriotic lesions following 

systemic administration. Passive targeting (Left panel): Nanoparticles extravasate from 

systemic circulation into lesion interstitium through pores in permeable blood vessels and 

undergo cellular internalization. Active targeting (Right panel): passively delivered 

nanoparticles equipped with surface ligands specific to receptors on endometriotic cells 

demonstrate increased cellular internalization and accumulation in endometriotic lesions. 

Created with Adobe Photoshop and Adobe Illustrator.
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Figure 2. 
A) Fluorescence images of various organs, and endometriotic and ovarian cancer xenografts 

acquired at 24 h post-injection of near infrared (NIR) dye (SiNc) loaded PEG-PCL-based 

polymeric nanoparticles (SiNc-NP) into mice bearing subcutaneous endometriotic and 

ovarian cancer grafts. B) Fluorescence microscopy image of a section of endometriotic graft 

collected 24 h after intravenous injection of the tested nanoparticles. Red color indicates 

NIR fluorescence generated by NIR dye SiNc loaded into nanoparticles. Yellow color 

represents blood vessels stained with fluorescently labeled anti-CD31 antibody. Scale bar is 

50 μm. A (top panel) and B adapted with permission.[11] Copyright 2020, Wiley-VCH. A 

(bottom panel) adopted under terms of the Creative Commons Attribution (CC BY-NC) 

license (https://creativecommons.org/licenses/by-nc/4.0/).[21] Copyright 2018, Ivyspring 

International Publisher.

Moses et al. Page 40

Small. Author manuscript; available in PMC 2021 March 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://creativecommons.org/licenses/by-nc/4.0/


Figure 3. 
A) NIR fluorescence images of female nude mice bearing subcutaneous human endometrial 

grafts (ectopic endometrium) recorded at 8, 12, 24, 36 and 48 h following tail vein injection 

of a) chitosan oligosaccharide-g-stearic acid (CSOSA) polymer micelles, b) nanostructured 

lipid carriers (NLC) and c) CSOSA-coated NLC (CSOSA/NLC) loaded with NIR dye DiR. 

The circles indicate the grafts. B) NIR fluorescent images of ectopic endometrium, ovary, 

and uterus resected at 48 h after tail vein injection of the tested nanoparticles. C) 

Accumulation of nanoparticles at 48 h post-injection in various tissues calculated as 

fluorescence per gram of tissue. The red circle indicates the distribution of CSOSA, 

CSOSA/NLC, and NLC in the ectopic endometrium. D) Fluorescence images of 

cryosections of the grafts observed following intravenous injection of the rat with 

fluorescein isothiocyanate (FITC)-labeled CSOSA/NLC at 8 and 24 h. Two pieces of rat 

uterine horn were sutured around mesenteric arteries, and two other pieces were sewn on 

each side of the peritoneum to induce endometriosis. Adapted with permission.[44] 

Copyright 2017, Dovepress.

Moses et al. Page 41

Small. Author manuscript; available in PMC 2021 March 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
A) Gold (Au) content measured by ICP-MS in various tissues 72 h after intravenous 

injection of gold nanospheres (HAuNS) and HAuNS conjugated with TNYL peptide 

(TNYL-HAuNS) into nude mice bearing subcutaneous xenografts of rat uterus. B) 

Expression of EphB4 receptor of healthy mouse uterus, estrogen-treated uterus (e.g., 

congestive, a term used in the article), and endometriotic lesion by Western blot. Adapted 

with permission.[43] Copyright 2017, Wiley-VCH. C) Fluorescence images of various organs 

and endometriotic lesions resected at 48 h post-injection of non-targeted and hyaluronic acid 

(HA)-targeted nanoparticles into rats with endometriosis lesions. Endometriosis lesion 

animal model was created by transplanting autologous fragments of the uterus to the inner 

surface of the abdominal wall. Adapted with permission.[61] Copyright 2016, Dovepress.
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Figure 5. 
A and B represent different stages of establishing homologous endometriosis model in rats. 

A) After transplantation of autologous uterus fragments to the inner surface of the 

abdominal wall. B) The transplanted fragment developed into ovoid, fluid-filled cystic 

lesion. Adapted with permission.[45] Copyright 2012, Elsevier. C) Homologous mouse 

model of endometriosis. To induce endometriotic cyst, a left uterine horn was removed from 

a C57 mouse, and separated endometrium tissue was sutured to the peritoneal wall. Adapted 

with permission.[103] Copyright 2017, Elsevier. D-H) Heterologous mouse model of 

endometriosis. D) SCID mouse bearing subcutaneous grafts of endometriotic tissue 

collected from rhesus macaques with advanced endometriosis. E-H) Images showing 

immunohistochemical staining (brown color) for E) ESR1, F) PGR, G) KI-67, and H) Factor 

8 in endometriotic grafts collected from these mice. “s” indicates stroma and “gl” indicates 

glands. Adapted with permission.[11] Copyright 2020, Wiley-VCH.
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Figure 6. 
Four MR sequences for the detection of ectopic endometrial tissues. Endometriosis was 

surgically induced in the rats by transplanting an autologous fragment of ectopic uterine 

tissue onto the inner surface of the abdominal wall, the posterior surface of the uterine body 

and the arterial cascades (proximal and distal) of the small intestine adjacent to mesenteric 

blood vessels. A nodular lesion about 6.5 mm in size (arrow) on the abdominal wall reveals 

hypodense signal intensity on T1-WI (A), moderate enhancement on gadolinium-enhanced 

T1-WI (B), high signal intensity on T2-WI (C) and high signal intensity with peripheral dark 

signal intensity on USPIO-enhanced T2-W MR image (D). Reproduced with permission.[49] 

Copyright 2012, Elsevier.
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Figure 7. 
MR images of the ectopic endometriotic lesions at different time points. On T1WI, the 

ectopic uterine tissues (EUTs) (arrow) appeared as irregular cystic mass with low signal (A). 

On axial FS-T2WI before injection (B), the EUTs appeared to have slightly high signal 

intensity surrounding with intermediate signals of fibrous walls. At 15 min (C), 30 min (D), 

60 min (E), and 120 min (F) post-injection, the wall of lesions was more clearly outlined, 

and the lesion to background contrast was improved compared with (A). Reproduced under 

terms of the Creative Commons Attribution License.[60] Copyright 2014, Zhang et al., 

published by PLOS ONE.
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Figure 8. 
A) Schematic illustration of “always on” and “activatable” SiNc-loaded PEG-PCL 

nanoparticles (SiNc-NP). Green and orange colors represent hydrophilic PEG outer shell 

and hydrophobic PCL core of nanoparticles, respectively. In contrast to ‘always on” SiNc-

NP (top panel), “activatable” SiNc-NP (lower panel) contain a higher amount of SiNc 

molecules (dark red spheres) inside the hydrophobic cores, causing fluorescence self-

quenching. B) Fluorescence images of “always-on” and “activatable” SiNc-NP solutions 

acquired using the Pearl Impulse Small Animal Imaging System. Scale bar: The blue and red 

colors reflect the lowest and highest fluorescence intensity, respectively. C) “Activatable” 

SiNc-NP generates fluorescence after internalization into endometriotic cells and subsequent 

relaxation of densely-packed, self-quenched SiNc molecules in the intracellular 

environment. Representative fluorescence microscopy images of macaque endometriotic 

stromal cells incubated with “always-on” SiNc-NP (left panel) and “activatable” SiNc-NP 

(right panel) for 1, 2, 4, and 24 h. The red and blue colors reflect the fluorescence signal 

generated by SiNc and NucBlue (nuclei staining), respectively. D) Photograph (top) and NIR 

fluorescence image (bottom), recorded with Fluobeam 800, of a mouse bearing 

endometriotic grafts 24 h after intravenous injection of “activatable” SiNc-NP. E - F) NIR 

fluorescence images of a mouse bearing endometriotic graft (E) and resected tissues (F) 

recorded with Pearl Impulse Small Animal Imaging System 24 h after intravenous injection 

of “activatable” SiNc-NP. Adapted with permission.[11] Copyright 2020, Wiley-VCH.
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Figure 9. 
Serum levels of oxidative stress markers (ROS, LPO, and TAC), MMP-2, MMP-9, VEGF, 

and E2 levels in mice with endometriosis before and after treatment with the following 

formulations: Control (0.9% NaCl), Let-Cur-NPs, Let-NPs and Cur-NPs. The red bar depicts 

mice with endometriosis on D20. D20, D30 and D40 indicate 20th (before treatment), 30th 

and 40th day (completion of treatment) after endometriosis induction. Adapted under terms 

of the Creative Commons Attribution License.[100] Copyright 2014, Jana SK, et al., 

published by Longdom Publishing SL.
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Figure 10. 
A) Serum levels of oxidative stress markers (ROS and LPO) in mice induced with 

endometriosis and injected with 0.9% NaCl (Group A1), NAC (Group A2), and Nanoceria 

(Group A3). Normal healthy mice injected with 0.9% NaCl were considered as controls 

(Group B). Data represented in mean±SD. B) Representative image of hematoxylin and 

eosin staining of the endometrial tissue from mice induced with endometriosis and injected 

with 0.9% NaCl (Group A1), NAC (Group A2), Nanoceria (Group A3), and normal healthy 

mice injected with 0.9% NaCl considered as controls (Group B). Arrowhead indicates the 

presence of endometrial glands in the tissue of each group. Adapted with permission.[99] 

Copyright 2013, Elsevier.
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Figure 11. 
Variations in pain behavior in rats. Notes: Mechanical (A) and heat (B) hyperalgesia 

behaviors measured every week after endometriotic or sham surgery. C and D) Hyperalgesia 

behavior observed at 2, 4, 8, 12, 18, and 24 h after drug administration in normal rats. E and 

F) Behavior tested after drug administration in endometriotic rats. Data are expressed as the 

mean (SEM; A and B, n=15; C–F, n=5). *P<0.05; **P<0.01; ***P<0.001. Abbreviations: 

CSOSA, chitosan oligosaccharide-g-stearic acid; Ctrl, control group; Em, endometriotic 

group; HSL, heat source latency; MPT, mechanical pain threshold; NLC, nanostructured 

lipid carrier; SEM, standard error of mean. Reproduced with permission.[44] Copyright 

2017, Dovepress.
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Figure 12. 
A-C) The effects of drugs on endometriotic lesions in rats. The first group is the control 

group (A), the second group is CSO-SA/PEDF-treated group (B), and the third group is the 

danazol treated group (C). Danazol is a synthetic androgen, used in the treatment of 

endometriosis. Capital letters (A, B, C) stand for the mean of the lesion volumes of the 

endometriotic foci before drug treatment. There was no significant difference among three 

groups. Lowercase letters (a, b, c) stand for the mean of the lesion volumes after different 

treatment. In the control group the lesions grew to 69.11 ± 30.91 mm3, and those in the 

danazol and CSO-SA/PEDF groups were restrained. D and E) The light micrographs of 

endometriotic lesions. D) In the control group it shows abundant glands, and rich 

pseudostratified columnar epithelial cells can be seen clearly. E) Gland structure in CSO-

SA/PEDF-treated group is disorganized in comparison to the control group and only simple 

squamous epithelial cells, stromal fibrosis can be observed. Reproduced with permission.[45] 

Copyright 2017, Elsevier.
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Figure 13. 
A) Light micrographs of endometrial lesions. In the control group, it shows abundant glands, 

and pseudostratified columnar epithelial cells can be seen clearly (a). The amount of gland 

structure in (CSO-PEI/siRNA)HA-treated group is less than that of the control group, and 

only simple squamous epithelial cells and stromal fibrosis can be observed (b). B) The 

reproductive organs were examined by H&E staining under light microscopy. The structure 

of the ovary of the control group (a) and (CSO-PEI/siRNA)HA group (b); the structure of 

the uterus of the control group (c) and (CSO-PEI/siRNA)HA group (d). The obtained images 

do not show significant differences in the plane structure between the (CSO-PEI/siRNA)HA 

group and the control group. Reproduced with permission.[61] Copyright 2016, Dovepress.
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Figure 14. 
Image of ectopic endometrial cysts resected 20 days after injection of various nanoparticles 

into rats. Mimic NC - negative control miRNA mimic, Inhibitor NC - negative control 

miRNA inhibitor. Reproduced under terms of the Creative Commons Attribution 4.0 

International License (http://creativecommons.org/licenses/by/4.0/).[98] Copyright 2017, The 

Authors, published by BioMed Central, part of Springer Nature.
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Figure 15. 
A) Representative temperature profile inside of endometriotic graft during photothermal 

therapy (PTT) mediated by intravenously injected SiNc-NP in combination with 780 nm 

light (0.9 W cm−2, red curve). Mice were injected with SiNc-NP 24 h prior to NIR light 

treatment. The black curve represents a temperature profile inside of endometriotic graft 

upon exposure to 780 nm light only (without SiNc-NP injection). B) Representative growth 

profiles of subcutaneous endometriotic grafts after the following treatments: 1) saline, mice 

injected with saline; 2) SiNc-NP, mice injected intravenously with SiNc-NP (3 mg SiNc per 

kg); 3) light, mice injected with saline and exposed to 780 nm light (0.9 W cm2) for 15 min 

at 24 h post-injection; 4) SiNc-NP + light, mice injected intravenously with SiNc-NP (3 mg 

SiNc per kg) and exposed to 780 nm light (0.9 W cm2) for 15 min at 24 h post-injection. C-

G) Effect of PTT on graft histology and steroid receptor staining. In control mice not 

receiving PTT, the grafts displayed enlarged endometriotic glands and stroma (C and E). In 

these mice, the grafts stained strongly for both ESR1 and PGR (G and I). Endometriotic 

glands and stroma were lost after PTT and graft sites were replaced with murine connective 

Tissue (D and F). Minimal ESR1 and PGR staining nuclei were observed after PTT therapy 

(H and G. The inset in (I) shows irrelevant IgG control (anti-Br(d)U) showing staining 

specificity for both ESR1 and PGR. “gl” indicates glands; “s” indicates stroma; “sc” 

indicates stromal connective tissue with minimal ESR1 and PGR staining. 5X, 5× plan 

apochromatic objective; 20X, 20× plan apochromatic objective. Reproduced with 

permission.[11] Copyright, 2020, Wiley-VCH.
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Table 1.

Summary of reported nanomedicines for endometriosis imaging and treatment.

Application Nanomaterial Cargo References

MRI Iron oxide nanoparticles N/A Lee et al., 2012[49]

Zhang et al., 2014[60]

Fluorescence imaging PEG-PCL polymeric nanoparticles NIR dye (SiNc) Moses et al., 2020[11]

Photothermal therapy
Hollow gold nanospheres N/A Guo et al., 2017[43]

PEG-PCL polymeric nanoparticles NIR dye (SiNc) Moses et al., 2020[11]

Gene Therapy

Lipid-chitosan micelles-DNA 
polyplex Plasmid DNA Zhao et al., 2012[45]

PAMAM dendrimer-DNA polyplex Plasmid DNA Wang et al., 2014[104]

PEI–PEG–RGD-miRNA polyplex miRNA Liang et al., 2017[98]

PEI-chitosan oligosaccharide–siRNA 
polyplex siRNA Zhao et al., 2016[61]

Combinatorial therapy PLGA polymeric nanoparticles

Curcumin & letrozole Jana et al., 2014[100]

Epigallocatechin gallate & 
doxycycline Singh et al., 2015[101]

Pain treatment Lipid grafted chitosan micelles-coated 
nanostructured lipid carriers

P2X3 receptor antagonist 
(A317491) Yuan et al., 2017[44]

Antioxidant therapy Cerium oxide nanoparticles N/A Chaudhury et al., 2012[99]

Immunotherapy
Mesoporous silica nanoparticles Immunomodulatory drug Antsiferova et al., 2013[186]

PLGA polymeric nanoparticles Antibody Liu et al., 2017[103]

Natural product-based 
therapy

Silicate nanocomposite (VB8)
Copaiba oleoresin

de Almeida Borges et al., 2016[198]

Henriques da Silva et al., 2015[200]

PLGA polymeric nanoparticles de Almeida Borges et al., 2018[199]

Local therapy PEG&PCL nanofibers Curcumin Boroumand et al., 2019[102]

Biodistribution in patients Lipid core nanoparticles N/A Pogdaec et al., 2019[70]
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Table 2.

Summary of animal endometriosis models used to evaluate nanomedicines.

Models Description of animal model Tested nanoparticle-
based approach

Reference

Homologous rat model Abdominal grafts of autologous uterine tissue

Pain treatment Yuan et al., 2017[44]

MRI Lee et al., 2012[49]

Zhang et al., 2014[60]

Gene (DNA) therapy Zhao et al., 2012[45]

Gene (siRNA) therapy Zhao et al., 2016[61]

Gene (miRNA) therapy Liang et al., 2017[98]

Homologous mouse model Abdominal grafts of mouse uterine tissue

Combinatorial therapy Jana et al., 2014[100]

Singh et al., 2015[101]

Antioxidant therapy Chaudhury et al., 2012[99]

Local therapy Boroumand et al., 2019[102]

Immunotherapy Liu et al., 2017[103]

Heterologous mouse model

Subcutaneous grafts of NHP endometrium tissue Photothermal therapy Moses et al., 2020[11]

Subcutaneous grafts of human endometrium tissue Drug delivery Yuan et al., 2017[44]

Subcutaneous grafts of rat uterine tissue Photothermal therapy Guo et al., 2017[43]

Subcutaneous grafts of human endometrial cells Gene (DNA) therapy Wang et al., 2014[104]
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