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Applications of nanomaterials in
endometriosis treatment

Jiang Yuxue', Sun Ran', Fan Minghui and Sheng Minjia*

The Reproductive Medical Center, China-Japan Union Hospital of Jilin University, Changchun, Jilin, China

Endometriosis is a common disease of the reproductive system in women of
childbearing age with an unclear pathogenesis. Endometriosis mainly manifests as
dysmenorrhea, abdominal pain, and infertility. Currently, medical therapy and
surgical treatment are usually used for endometriosis treatment. However, due to
the high recurrence rate and many complications, it has greatly affected patients’
quality of life. Nanotechnology is a new technology that mainly investigates the
characteristics and applications of nanomaterials. To date, nanotechnology has
received widespread attention in the field of biomedicine. Nanomaterials can not
only be used as drugs to treat endometriosis directly, but also enhance the
therapeutic effect of endometriosis by delivering drugs, siRNA, antibodies,
vesicles, etc. This review comprehensively discusses nanomaterial-based
therapies for endometriosis treatment, such as nanomaterial-based gene
therapy, photothermal therapy, immunotherapy, and magnetic hyperthermia,
which provides a theoretical reference for the clinical application of
nanotechnology in the treatment of endometriosis.
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1 Introduction

Endometriosis is a common, chronic, inflammatory gynaecological disease characterized
by endometriotic lesions present outside the uterine cavity. The main clinical symptoms of
endometriosis are dysmenorrhea, pelvic pain, and infertility (Horne and Missmer, 2022).
The incidence rate of endometriosis in women of reproductive age is approximately 10%
(Zondervan et al., 2020). Although endometriosis is a benign disease, ectopic cells often
exhibit infiltrating growth, similar to malignant tumours. According to the different site of
occurrence, it can be divided into ovarian, peritoneal and deep infiltrating endometriosis
(Nisolle and Donnez, 2019). The pathogenesis of endometriosis is extremely complex,
including oxidative stress and angiogenesis (Saunders and Horne, 2021; Clower et al., 2022).
Early diagnosis of endometriosis is difficult and challenging, and currently relies on
ultrasound, magnetic resonance imaging and hysteroscopy. Hysteroscopy is widely
considered the gold standard for the diagnosis of endometriosis. At present, the
treatment of endometriosis involves both medical therapy and surgical treatment.
Medical therapy generally reduces estrogen levels to alleviate pain and other symptoms.
But due to the long-term use of hormone suppressive drugs, patients may experience side
effects such as nausea, headaches, vasomotor symptoms, vascular dryness, sleep and
disturbance (Saunders and Horne, 2021). Surgical treatment can effectively remove the
lesions. However, the 5-year postoperative recurrence rate reaches 40%-50% (Guo et al.,
2009), seriously affecting patients” quality of life.

Nanotechnology refers to the exploration and utilization of materials on the nanometre
scale in various fields (Koopmans and Aggeli, 2010). Nanomaterials, which are
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FIGURE 1

Nanomaterial-based therapies for endometriosis treatment.

approximately 1-100 nm in size, have many advantages, such as the
targeting ability, good biocompatibility, stability, and extremely low
toxicity (Riehemann et al., 2009). Many studies have proven that
nanomaterials, as therapeutic agents or drug delivery carriers, have
great applications in the medical field, to treat conditions such as
inflammatory diseases, infectious diseases, cardiovascular diseases,
and cancer (Kim et al., 2010; Psarros et al., 2012; Liu et al., 2018; Liu
et al,, 2019; Liu et al., 2020; Liu et al., 2021a; Liu et al., 2021b; Moses
etal, 2021; Wang et al., 2022; Zhang et al., 2022; Xu et al, 2023a; You
et al.,, 2023; Russell et al.,, 2023). To date, nanotechnology-based
approaches have been valid in non-invasive diagnosis and treatment
of endometriosis, which effectively target ectopic tissues and cells
without causing systemic effects. Therefore, Nanotechnology has
potential applications for the treatment of endometriosis.

In this review, we focus on the impact of nanomaterial-based
strategies in the treatment of endometriosis in recent years,
including nanomaterials alone, nanomaterial-based drug therapy,
gene therapy, photothermal therapy, immunotherapy, and magnetic
hyperthermia (Figure 1; Table 1).

2 Nanomaterials alone for
endometriosis treatment

Nanomaterials are often used as drug delivery carriers, but due
to the characteristics of some nanomaterial, it can also be used as a
therapeutic agent to treat endometriosis (Chaudhury et al., 2013). It
was found that cerium oxide nanoparticles (nanoceria) play a pivotal
role in the treatment of diseases related to oxidative stress (Celardo
et al., 2011). Therefore, Chaudhury et al. investigated whether
nanoceria could treat endometriosis. Compared with control
mice, nanoceria significantly reduced endometrial lesions via
stress markers

decreasing  oxidative and angiogenesis in
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endometriosis-induced mice, demonstrating that nanoceria may
have potential as a treatment for endometriosis (Chaudhury
et al.,, 2013).

3 Nanomaterial-based drug therapy

Although available drugs have good efficacy in the treatment of
endometriosis, there are still some limitations, such as poor stability,
low biological activity and weak targeting. Therefore, nanomaterials,
as drug delivery carriers, have the ability to compensate for the
shortcomings of these drugs for endometriosis treatment.

Both epigallocatechin gallate (EGCG) and doxycycline (Dox)
have been reported to have antioxidant and antiangiogenic
properties and inhibitory effects on matrix metalloproteinases
(MMPs) (Acharya et al., 2004; Sapadin and Fleischmajer, 2006;
Singh et al., 2011), and have thus been applied in the treatment of
endometriosis (Akkaya et al., 2009; Ricci et al., 2013). However, the
instability of EGCG and Dox has limited their therapeutic
application (Mochizuki et al., 2002; Misra et al., 2009). Because
nanomaterials can improve the stability and bioavailability of
medicines, Poly (lactic-co-glycolic acid) (PLGA) is an appropriate
candidate for drug delivery for the treatment of various diseases
(Makadia and Siegel, 2011). Therefore, Singh et al. synthesized single
drug-loaded PLGA nanoparticles (EGCG NPs, DOX NPs) and dual
drug-loaded nanoparticles (DOX-EGCG NPs) to treat mice with
endometriosis (Singh et al., 2015). The DOX-EGCG NPs were more
effective than EGCG NPs or DOX NPs in the treatment of
endometriosis, lowering the level of oxidative stress, angiogenesis,
and MMP activity in mice with induced endometriosis (Singh et al.,
2015).

A-317491 is a P2X3 receptor antagonist that can relieve
inflammation and neuropathic pain. However, due to its short half-
life and poor biodistribution, its analgesic effect in endometriosis has
been seriously hindered (Hansen et al., 2012). Yuan et al. synthesized
CSOSA/NLC/A-317491,
(CSOSA) polymer micelle-coated nanostructured lipid carrier (NLC)
for A-317491 drug delivery (CSOSA/NLC/A-317491) (Yuan et al,
2017). In endometriotic rats, CSOSA/NLC/A-317491 remarkably
alleviated mechanical and thermal hyperalgesia for a long period of
time, with increases in the mechanical pain threshold (MPT) and heat
source latency (HSL) (Yuan et al., 2017). Therefore, CSOSA/NLC/A-
317491 may be an effective treatment strategy for endometriosis pain.

a chitosan oligosaccharide-stearic ~acid

There are also some small molecules that are used to treat
endometriosis, such as copaiba oleoresin (CPO) (de Almeida Borges
etal., 2018). CPO, a natural product of trees of the genus Copaifera,
has the ability to inhibit the proliferation of human endometrial
stromal cells (Henriques da Silva et al, 2015). The authors
investigated whether PLGA nanoparticles containing CPO could
further decrease the viability of human endometrial stromal cells (de
Almeida Borges et al., 2018). They found that PLGA nanoparticles
containing CPO reduced the cell viability in the ectopic
endometrium and eutopic endometriotic lesions of patients with
endometriosis.

Many studies have been published on the wide effects of
curcumin on various diseases, such as inflammatory bowel
disease, arthritis, all kinds of cancer, and endometriosis (Jurenka
et al, 2009; Gupta et al, 2013). However, because of the low
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TABLE 1 Summary of the applications of nanomaterials in endometriosis treatment.

Nanomaterial (with Animal model
or without

modification)

Application

Cargo molecule Author, year

Therapeutic
agent
Nanoceria - Mouse (i.p. injection of uterine | reduced endometrial lesions via Chaudhury et al.
tissue) decreasing oxidative stress markers and | (2013)
angiogenesis
Drug therapy
PLGA Epigallocatechin Mouse (i.p. injection of uterine | Mitigation endometriosis by lowering Singh et al. (2015)
gallate and tissue) the level of oxidative stress,
doxycycline angiogenesis, and MMP activity
CSOSA/NLC A-317491 Rat (sutured uterine tissue onto | Alleviated mechanical and thermal Yuan et al. (2017)
the mesenteric arteries and hyperalgesia, with increases in the MPT
peritoneum) and HSL
PLGA Copaiba oleoresin - - de Almeida
Borges et al.
(2018)
PCL-PEG Curcumin Mouse (i.p. injection of uterine | Decreased endometrial glands, stroma, = Boroumand et al.
tissue) and infiltrating inflammatory cell (2019)
Silver nanoparticles PLI-MMAE - - Simén-Gracia
et al. (2021)
Gene therapy
CSO-SA PEDF Rat (sutured uterine tissue onto Zhao et al. (2012)
the peritoneum)
(CSO-PEI) HA AQP2-siRNA Rat (sutured uterine tissue onto | Reduced the endometriotic lesion sizes = Zhao et al. (2016)
the peritoneum) with low expression of CD44
(PEI-SA) HA Beclin-1 Mouse (i.p. injection of uterine | repressed the growth of endometriotic Zhao et al. (2022)
tissue) cysts by enhancing autophagy with
Beclin-1 expression
PAMAM Endostatin Mouse (s.c. injection of Inhibited the growth of endometriotic Wang et al. (2014)
endometrial cell) lesions, reduced CD31 expression
PEI-PEG-RGD MiR-200c Rat (i.p. injection of uterine Reduced ectopic endometrial cyst Liang et al. (2017)
tissue) volume
CPP (cell-penetrating RRM2 - - Kiisholts et al.
peptides) (2021)
Exosome MiR-214; miR- Mouse (i.p. injection of human | Inhibited fibrosis by targeting CCN2 Wu et al,, 2018;
213-3p eutopic endometrial tissue); Zhang et al., 2021
Mouse (i.p. injection of uterine
tissue)
Photothermal
therapy
PEG-PCL SiNc¢ Mouse (s.c. injection of monkey | Eliminated the endometriotic lesions Moses et al.
endometriotic tissue) (2020)
HAuNS (hollow gold TNYL Mouse (s.c. injection of rat Inhibited the growth of the lesions, Guo et al. (2017)
nanospheres) uterine tissue) destroyed the structure of the lesions,
decreased levels of TNF-a and estradiol
Immunotherapy
PLGA Anti-CTLA-4 Mouse (sutured Endometrium Decreased the percentage of Liu et al. (2017)
tissue to the peritoneal wall) CD4"CD25" Treg cells, restricted
ectopic endometrial cell proliferation
and invasion by repressing IL-10 and
TGF-beta secretion
MINVs (nanovesicles - Mouse (i.p. injection of uterine | Inhibited endometriosis by repolarizing = Li et al. (2021)
derived from tissue) M2 macrophages to M1 macrophages
M1 macrophages)
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TABLE 1 (Continued) Summary of the applications of nanomaterials in endometriosis treatment.

Nanomaterial (with
or without
modification)

Application Cargo molecule

Animal model

Author, year

Magnetic
hyperthermia
Hexagonal iron oxide KDR Mouse (s.c. injection of KDR-targeted MN accumulated in Park et al. (2022)
nanoparticles coated by macaque endometrium tissue) | endometriotic grafts, increased the
PEG-PCL temperature under an AMF, and
eliminated endometriotic lesions
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PL1-AgNPs internalized into 12Z spheroids, and PL1-MMAE AgNPs enhanced the cytotoxicity to 12Z spheroids. (A) Confocal fluorescence images of
cellular internalization of PL1-AgNPs or biotin-AgNPs in12Z spheroids for 1, 2, 4, and 20 h. (B) Morphological images of 127 spheroids incubated with PL1-
MMAE-NPs or biotin MMAE-AgNPs for 24, 48, and 72 h. (C) Cell viability of 12Z spheroids incubated with different concentrations of PL1-MMAE-AgNPs or
biotin-MMAE-AgNPs for 72 h *p < 0.05. Reprinted with permission from (Simon-Gracia et al., 2021).

bioavailability of curcumin (Arablou and Kolahdouz-Mohammadi,
2018), Boroumand et al. synthesized curcumin-loaded poly e-
caprolactone (PCL) and polyethylene glycol (PEG) nanofibers to
investigate whether they could increase the release of curcumin
in vitro and in vivo (Boroumand et al., 2019). The results showed
that almost 50% of the curcumin was released from curcumin-
loaded PCL-PEG nanofibers over 30days in vitro, and the
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curcumin-loaded nanofibers ameliorated  the

endometriosis with related histological characteristics, such as the

significantly

reduction of endometrial glands, stroma, and infiltrating
inflammatory cells.

Consistent with solid tumours, the expression of some
angiogenic extracellular matrix proteins in endometriosis was

abnormal, such the high expressed tenascin C domain C (TNC-
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C) and fibronectin extra domain-B (Fn-EDB). The authors showed
in a previous study that a peptide that binds to TNC-C and Fn-EDB
(PL1 peptide) effectively inhibited the growth of glioblastoma
(Lingasamy et al, 2019). Considering the similarities in the
pathogeneses of tumours and endometriosis, the author inferred
the strong effect of the PL1 peptide to target endometriosis for its
treatment in this study (Simoén-Gracia et al., 2021). First, they
synthesized the PL1 peptide with silver nanoparticles (PLI1-
AgNPs) and found that PL1-AgNPs were internalized into 127
and HESC cells, which highly expressed the PL1 peptide receptors
TNC-C and Fn-EDB. Then, to test the targeted killing effect of the
PL1-AgNPs, a potent antimitotic agent, monomethyl auristatin E
(MMAE), was integrated into the PL1-AgNPs (PL1-MMAE-
AgNPs). The showed that PL1-MMAE-AgNPs
significantly damaged morphology and suppressed the survival in
12Z spheroids (Figure 2). Moreover, PL1-AgNPs bound to human
peritoneal endometriotic lesions where both TNC-C and Fn-EDB

results

were expressed. As described above, PL1-AgNPs have the potential
to become a tool for the targeted treatment of endometriosis.

4 Nanomaterial-based gene therapy

Gene therapy is an approach to disease treatment that transfers
specific genes to target cells and modifies or compensates for gene
defects. In recent years, gene therapy has been widely used in the
treatment of various conditions, including inflammation, nervous
system diseases, and cancer. The key to gene therapy is a safe and
effective carrier system, therefore, nanocarriers have attracted the
attention of researchers because of their characteristics of high
targeting specificity and safety (Yin et al, 2014). To date, many
studies have shown that gene therapy based on nanotechnology can
be applied in the treatment of endometriosis. Nanocarriers involved
in endometriosis gene therapy include polymeric nanoparticles, cell-
penetrating peptides (CPPs), and extracellular vehicles (EVs).

4.1 Polymeric nanoparticles as nanocarriers
for endometriosis gene therapy

Polymeric nanoparticles are produced by natural polymers or
synthetic polymers, such as chitosan oligosaccharide (CSO),
polyetherimide (PEI), polyamidoamine (PAMAM), and poly
(lactic-co-glycolic acid) (PLGA). Polymeric nanoparticles possess
many properties suitable for the nano delivery of nucleic acids due to
their easy surface modification, good stability, high safety and
favourable biocompatibility (Mendes et al., 2022). Herein, single
or mixtures of multiple polymers were used as carriers for
endometriosis gene therapy.

Chitosan is widely used for plasmid delivery due to its
biocompatible, low immunogenic, and biodegradable nature, but
its transfection efficiency is very low (Dass et al., 2007). Stearic acid is
an endogenous long-chain saturated fatty acid that forms a polymer
micelle that is characterized by its great membrane permeability,
rapid intracellular uptake and site-specific delivery in aqueous media
with polysaccharides (Foged et al., 2007). Thus, Zhao et al. (2012)
synthesized and used CSO-SA to deliver PEDF (pigment
factor) to  inhibit

epithelium-derived angiogenesis  in
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endometriotic lesions. The CSO-SA/PEDF nanoparticles showed
no toxicity to the reproductive organs, and the sizes of the
endometriotic lesions and atrophy and degeneration of the
ectopic endometrium decreased significantly (Zhao et al.,, 2012).
Moreover, microvessel density decreased, and apoptosis increased
(Zhao et al., 2012). Therefore, a glycolipid-like structure micelle-
mediated PEDF gene delivery system could be used for the treatment
of endometriosis.

Based on a previous study (Zhao et al, 2012), Zhao et al.
synthesized another novel polymeric nanoparticle gene delivery
system for endometriosis treatment (Zhao et al, 2016). They
synthesized a gene carrier with CSO-PEI, hyaluronic acid (HA),
and small interfering RNA (siRNA). HA can bind to CD44, which is
overexpressed in endometriotic lesions. AQP2 is related to the
progression of endometriosis, so AQP2-siRNA was applied in
this study. The results showed that (CSO-PEI/siRNA) HA
inhibited the
endometriosis with low expression of CD44 in a rat model. Thus,
it was confirmed that (CSO-PEI/siRNA) HA is a potential tool for
endometriosis treatment.

nanoparticles  significantly development  of

Autophagy has an essential role in many diseases, including
various cancers and endometriosis (Yang et al., 2019; Ogasawara
et al,, 2020). Beclin-1, a key regulator of autophagy, has been
reported to have low expression in endometrial hyperplasia and
endometrioid cancer (Zhao et al., 2006). Therefore, Zhao et al. also
investigated the role of autophagy in the treatment of endometriosis
with nanoplatforms. In a previous study, Zhao et al. prepared PEI-
SA nanoplatforms to treat ovarian cancer (Zhao et al., 2019). The
authors modified the nanoplatforms with nucleotides and enclosed
them with HA to investigate the therapeutic effect on endometriosis
(Zhao et al., 2022). As a result, the (PEI-SA/DNA) HA gene delivery
system repressed the growth of endometriotic cysts by enhancing
autophagy with Beclin-1 expression. Therefore, (PEI-SA/DNA) HA
gene carriers are a new and promising way to cure endometriosis.

As angiogenesis is a main cause of the development of
endometriosis, it is necessary to effectively inhibit angiogenesis
when treating this condition. Endostatin is a well-characterized
inhibitor of angiogenesis, but the use of endostatin is limited
short-lived effects 2006).
Polyamidoamine (PAMAM) dendrimers are recently developed

because of its (Becker et al.,
gene vectors that are commercially available for use in gene
transfer (Shakhbazau et al., 2010). To improve endometriosis
treatment, Wang et al. used an endostatin-loaded PAMAM
(PAMAM-Es) plasmid as a gene vector in a non-invasive animal
model (Wang et al, 2014). Compared to Lipofectamine Es,
PAMAM-Es significantly inhibited the growth of endometriotic
lesions. The angiogenesis biomarkers CD31 and VEGF were also
assessed to detect the antiangiogenic efficiency of PAMAM-Es. The
expression of CD31 was found to be reduced, which demonstrated
that PAMAM-Es can treat endometriosis through an antiangiogenic
mechanism.

In another study, PEI was used to form conjugates with PEG and
(RGD) peptides (generating
PEI-PEG-RGD conjugates) by reaction of the cysteine group

arginine-glycine-aspartic ~ acid

with maleimide to deliver miR-200c in a rat model of
endometriosis (Liang et al, 2017). An miR-200c mimic and
inhibitor were delivered into endometriotic lesions by the
PEI-PEG-RGD

conjugates, as confirmed by near-infrared
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FIGURE 3

The combination of NF70/siRNA NP and danazol inhibited endometriotic cell proliferation and invasion. (A) The number of peritoneal endometriotic
cells treated with NF70/siRNA NP and danazol. (B) Invasion of peritoneal endometriotic cells treated with NF70/siRNA NP and danazol by the extracellular
matrix. *p < 0.05, ***p < 0.001.0—no NP transfection; R—NF70/siRRM2; V—NF70/siVEGF. Reprinted with permission from (Kiisholts et al., 2021).

imaging (Liang et al.,, 2017). The ectopic endometrial cyst volume
was significantly reduced after the miR-200c mimic was delivered by
this conjugate but increased after treatment with the miR-200c
inhibitor (Liang et al., 2017).

4.2 CPPs as nanocarriers for endometriosis
gene therapy

CPPs are small molecular peptides that can penetrate cell
membranes and deliver proteins and nucleic acids into cells
(Guidotti et al., 2017). Among them, the nanocarriers PepFect6
(PF6) and NickFect70 (NF70) are widely used in siRNA delivery
(Andaloussi et al., 2011; Porosk et al., 2019). Kiisholts et al. studied
the effect of both CPPs with siRNA nanoparticles in the treatment of
endometriosis and identified that RRM2 might be a new potential
target for endometriosis treatment (Kiisholts et al, 2021). In
endometrial  cells, CPP/siRNA
nanoparticles reduced the mRNA and protein levels of
RRM2 and VEGF and effectively inhibited cell division, leading
to cell cycle arrest in G1/S phase. In a three-dimensional culture
model, CPP/siRNA nanoparticles inhibited the invasion and

peritoneal and  ovarian

migration of endometriotic cells. In addition, the combination of
CPP/siRNA nanoparticles and the endometriosis drug danazol
inhibited the proliferation
endometriotic cells (Figure 3). However, further research is
needed to confirm the role of CPP/siRNA nanoparticles,

significantly and invasion of

especially in endometriosis animal models.

4.3 EVs as nanocarriers for endometriosis
gene therapy

EVs are natural nanoparticles secreted by a variety of cells that
have a double-layer lipid membrane structure. EVs carry many
biologically active molecules, such as proteins, lipids, DNA, or
mRNA, and participate in the regulation of cell function. EVs
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mainly include exosomes, microvesicles, and apoptotic bodies.
EVs have many advantages, including good biocompatibility, low
immunogenicity, and low toxicity. Therefore, as shining stars in
nanomedicine, EV's are considered to be promising nanocarriers for
drug delivery systems (Wu et al., 2021; Fang et al., 2022). In recent
years, it has been reported that many miRNAs and IncRNAs carried
by EVs participate in endometriosis gene therapy (Wu et al., 2018).

The excessive deposition of extracellular matrix in endometrial
glands leads to endometrial fibrosis, which affects the function of the
endometrium. Thus, it is very important to explore endometriosis
fibrosis treatment. The results from two different research groups
revealed that exosomal miR-214 or miR-214-3p derived from
ectopic endometriosis stromal cells inhibited fibrosis by targeting
CCN2, which is closely related to fibrogenesis (Wu et al., 2018;
Zhang et al., 2021). Moreover, Zhang and his colleagues further
reported that exosomes played a crucial role in the transmission of
miR-214-3p for fibrosis treatment (Zhang et al., 2021).

Furthermore, many studies have proven that some miRNAs,
IncRNAs, or proteins transmitted by exosomes may be potential
targets for the treatment of EM, such as miR-22-3p, IncRNA CHLI-
AS1, IncRNA aHIF and VEGF-C (Qiu et al,, 2019; Li et al., 2020;
Zhang et al., 2020; Liu et al., 2021c).

Therefore, there is great potential for using EVs as delivery
vectors for the treatment of endometriosis.

5 Nanomaterial-based photothermal
therapy

In recent years, photothermal therapy has become a new and
promising modality for tumour treatment. Photothermal therapy
involves the delivery of the photothermal agent to the tumour site
and irradiation with a near-infrared (NIR) laser to raise the
temperature of the tumour tissue above 42°C for completely
eradication of the tumour cells (Anbil et al,, 2013; Duong et al,,
2017). The method requires a short period of time and has few toxic
side effects. A variety of nanomaterials have been developed for
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photothermal therapy of tumours (Xu et al., 2023b; Schneider et al.,
2023; Tan et al., 2023). Because the pathogenesis of endometriosis is
similar to that of tumours, the use of photothermal therapy based on
nanomaterials has also been reported to treat endometriosis (Guo
et al.,, 2017; Moses et al., 2020).

Moses et al. (2020) prepared nanoplatforms with silicon
phthalocyanine (SiNc) coated by PEG-PCL-based polymeric
nanoparticles (SiNc-NPs) that were utilized for real-time NIR
fluorescence imaging and photothermal therapy. They evaluated
the photothermal therapy efficacy of SiNc-NPs in endometriosis
treatment in vitro and in vivo. The results showed that SiNc-NPs
killed more than 95% of the endometriotic macaque endometriotic
stromal cells after incubation with SiNc-NPs for 2 days followed by
exposure to 780 nm NIR light for 15 min. In vivo, SiNc-NPs were
injected intravenously into the endometriosis model mice for 1 day,
and then NIR light was used to illuminate the endometriotic grafts
for 15min. As a result, SiNc-NPs completely eliminated the
endometriotic lesions without any side effects. Therefore, these
results revealed that SiNc-NPs may be a safe and effective
nanoplatform for endometriosis treatment.

Guo et al. assessed the photothermal therapy efficacy of hollow
gold nanospheres (HAuNSs) for endometriosis (Guo et al., 2017).
HAuNS, as a potential photosensitive agent, is widely utilized for
photothermal therapy (Wang et al, 2015). TNYL specifically
recognizes the EphB4 receptor, which is highly expressed in
endometriotic lesions. Therefore, the authors developed HAuNS
and TNYL-conjugated HAuNS (TNYL-HAuNS) to
endometriosis (Guo et al., 2017). These nanoparticles were

treat

injected via the tail vein into the endometriosis model mice. The
results showed that TNYL-HAuNS accumulated more in the
endometriotic lesions than HAuNS alone, owing to the high-
affinity binding between the TNYL peptide and EphB4 receptor.
After NIR laser irradiation, TNYL-HAuNS strongly inhibited the
growth of the lesions and more severely destroyed their structure.
Furthermore, the levels of TNF-a and estradiol also significantly
decreased in mice treated with TNYL-HAuNS and NIR laser
irradiation. Thus, the use of TNYL-HAuNS may be a new
approach for photothermal therapy of endometriosis.

6 Nanomaterial-based immunotherapy

Immunotherapy plays a critical role in the treatment of various
tumours. Tumour immunotherapy inhibits the growth of tumour
cells by improving innate and adaptive immune responses. Due to
the nontoxicity, high biosafety, and excellent targeted drug delivery
of nanomaterials, nanoimmunotherapy has received widespread
attention in tumour immunotherapy (Li et al, 2022). Since the
pathogenesis of endometriosis is similar to that of a solid tumour,
many immune factors are closely related to the occurrence and
development of endometriosis. Therefore, it can be inferred that
immunotherapy may be applied to treat endometriosis. Currently, it
has been reported that nanoimmunotherapy has a profound positive
effect on the treatment of endometriosis (Liu et al., 2017; Li et al,,
2021).

Numerous studies have shown that the development of
endometriosis is related to immunologic factors and involves a
significant increase in the number of CD4" CD25" regulatory

Frontiers in Bioengineering and Biotechnology

10.3389/fbioe.2023.1184155

T cells (Podgaec et al., 2012; Greaves et al., 2014). Anti-CTLA-4
(cytotoxic T lymphocyte antigen-4) has been used as an immune
checkpoint inhibitor for inhibiting CD4" CD25" regulatory T-cell
activation (Zou and Chen, 2008). As PLGA-based drug delivery
systems have a variety of applications for different diseases, Liu et al.
synthesized PLGA/anti-CTLA-4 nanoparticles
whether they play an important role in the treatment of
endometriosis (Liu et al., 2017). The results showed that PLGA/
anti-CTLA-4 significantly decreased the percentage of CD4*CD25"
Treg cells in peritoneal fluid in a mouse model of endometriosis.
Furthermore, PLGA/anti-CTLA-4 restricted ectopic endometrial
cell proliferation and invasion by repressing IL-10 and TGF-beta
secretion by CD4"CD25" Treg cells.

Li et al. (2021) demonstrated that nanovesicles (NVs) derived
from MI macrophages (M1NVs) suppressed the development of

to determine

endometriosis. NVs, as natural nanoparticles, are generated by the
serial extrusion of cells and have been proven to have significant
regulatory effects in many diseases (Choo et al., 2018; Dad et al.,
2021). In this study, the authors prepared MINVs to evaluate their
effects on endometriosis in vitro and in vivo (Li et al., 2021). The
results indicated that MINV treatment significantly suppressed the
migration and invasion of ectopic endometrial stromal cells from
endometriosis patients. Furthermore, MINV treatment inhibited
endometriosis by repolarizing M2 macrophages to M1 macrophages
without any side effects. Thus, MINVs, as immunological factors,
may be a potential tool for endometriosis treatment. Regrettably,
although M1NVs are also potential nanocarriers, there have been no
further investigations into which molecule carried in the M1INVs
had an effect on endometriosis treatment in this study.

7 Nanomaterial-based magnetic
hyperthermia

Magnetic nanoparticle hyperthermia is a novel, non-invasive
method for tumour treatment. Magnetic nanoparticles are delivered
to the tumour region and induce the generation of heat under an
alternating magnetic field (AMF); then, the tumour cells are killed
when the local temperature exceeds 42°C (Kumar and Mohammad,
2011; Hilger, 2013). Although magnetic nanoparticle hyperthermia
is widely used in the treatment of tumours, there is little related
research on their use in endometriosis treatment.

Encouragingly, Park et al. recently demonstrated the efficiency
of magnetic nanoparticle hyperthermia in endometriosis for the first
time (Park et al., 2022). They first developed hexagonal iron oxide
nanoparticles coated by poly (ethylene glycol)-block-poly (e-
caprolactone) (PEG-PCL)-based nanocarriers, which were then
modified with peptides to target vascular endothelial growth
factor receptor 2 (VEGFR-2, also known as KDR). The developed
nanoparticles had the advantages of high heating efficiency and
targeting specificity to endometriotic cells. The authors next
evaluated the therapeutic efficiency of KDR-targeted magnetic
nanoparticles (MN) in vitro and in vivo. Compared with
nontargeted MN, KDR-targeted MN raised the temperature
above 46 “C more quickly and the effect lasted for a longer time,
so the nanoparticles killed more macaque endometriotic cells in the
presence of an AMF. In the in vivo experiment, a clinically relevant
dose of KDR-targeted MN (3 mg per kg) was intravenously injected
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FIGURE 4

KDR-MN treatment eliminated endometriotic grafts. (A) The photograph (left) and NIR fluorescence image (right) of the mouse model of
endometriosis treated with NIR fluorescence dye loaded KDR-MN. (B) Prussian blue-stained sections of endometriosis grafts from the mouse model of
endometriosis treated with KDR-MN. (C) Temperature distribution of endometriotic grafts treated with non-targeted MN and KDR-MN under AMF. (D)
Temperature distribution of endometriotic grafts and tissues adjacent to grafts treated with KDR-MN under AMF. (E) The growth of endometriotic
grafts treated with KDR-MN with AMF exposure or not. (F) Photographs of endometriotic grafts in the mouse model of endometriosis treated with single
hyperthermia. ***p < 0.001, ****p < 0.0001. Reprinted with permission from (Park et al., 2022).

into endometriosis model mice. The results revealed that the KDR-
targeted MN accumulated in endometriotic grafts, increased the
temperature an AMF,
endometriotic lesions (Figure 4).

under and eventually eliminated

8 Discussion

Endometriosis has seriously affected the quality of life of women
of childbearing age. Therefore, it is essential to develop effective
approaches to treat this disease. In recent years, an increasing
number of researchers have exploited nanotechnology to improve
the therapeutic effect of endometriosis treatment. Because
nanomaterials have good biocompatibility, high targeting abilities,
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easy modification, low toxicity and other advantages, they can be
used as delivery carriers to participate in the targeted delivery of
drugs, thus improving the efficacy of endometriosis treatment. A
large amount of evidence has shown that nanotechnology plays an
important role in the treatment of endometriosis with traditional
therapy, gene therapy, immunotherapy, photothermal therapy and
magnetic hyperthermia.

Currently, the endometriosis animal models used in most
studies are mouse or rat models. As the pathogenesis of
endometriosis is complex, these models are not sufficient to
clarify the role of nanotechnology in spontaneous endometriosis.
Therefore, it is urgent to develop a spontaneous animal model
similar to human endometriosis, especially a nonhuman primate
animal model.
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Moreover, in the treatment of endometriosis, the biological
safety of nanomaterials deserves further study. Some studies have
reported that the nanomaterials used for treatment have no side
effects on the survival of normal endometrial cells and the body
weights of experimental animals. However, nanodrugs are usually
injected into experimental animals through the tail vein, and it is
not clear whether they will affect other the tissues and organs, and
it is especially important to determine whether the nanomaterials
will affect their long-term health and the health of their offspring.
Thus, we should further strengthen the research on the safety of
nanomaterials, optimize their performance, and promote their
application in the treatment of endometriosis.

Although nanotechnology has had a significant effect on the
treatment of endometriosis in animal models, more research and
exploration are still needed for its clinical application. According
to our best knowledge, no clinical trials have been conducted on
the applications of nanomaterials for the treatment of
endometriosis. There are a series of challenges that limit the
transition of nanomedicines from bench to bedside, such as a lack
of extensive research data support and significant financial
support, inability to predict the prognosis of patients with
endometriosis.

In summary, more research is needed to clarify that
nanotechnology may have great potential in the treatment of
endometriosis to obtain a favourable therapeutic effect.
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