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The placenta plays a significant role during pregnancy. Placental dysfunction contributes to major obstetric complications, such as fetal growth restriction and preeclampsia. Currently, there is no effective treatment for placental dysfunction in the perinatal period, and prophylaxis is often delivered too late, at which point the disease manifestation cannot be prevented. However, with recent integration of nanoscience and medicine to perform elaborate experiments on the human placenta, it is expected that novel and efficient nanotherapies will be developed to resolve the challenge of managing placental dysfunction. The advent of nanomedicine has enabled the safe and targeted delivery of drugs using nanoparticles. These smart nanoparticles can load the necessary therapeutic substances that specifically target the placenta, such as drugs, targeting molecules, and ligands. Packaging multifunctional molecules into specific delivery systems with high targeting ability, diagnosis, and treatment has emerged as a novel theragnostic (both therapeutic and diagnostic) approach. In this review, the authors discuss recent advances in nanotechnology for placental dysfunction treatment. In particular, the authors highlight potential candidate nanoparticle-loaded molecules that target the placenta to improve utero-placental blood flow, and reduce reactive oxygen species and oxidative stress. The authors intend to provide basic insight and understanding of placental dysfunction, potential delivery targets, and recent research on placenta-targeted nanoparticle delivery systems for the potential treatment of placental dysfunction. The authors hope that this review will sensitize the reader for continued exploration of novel nanomedicines.
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INTRODUCTION
The placenta is a highly specialized transient organ during pregnancy. Placental dysfunction has been shown to be strongly associated with major obstetric diseases, such as fetal growth restriction (FGR), preeclampsia (PE), preterm premature membrane rupture, preterm labor, late spontaneous abortion, and placental abruption (Brosens et al., 2011). Although significant progress has been made in preventing the disease, current obstetric interventions in clinical obstetric practice are limited for management of the disease, after it has set in (Chappell and David, 2016). The interventions in current practice deal mostly with maternal symptoms or terminating pregnancy when maternal condition deteriorates. According to recent studies, the world population is growing by approximately 80 million people each year, most of whom may experience maternal and neonatal disorders. Over 90% of pregnant women take at least one medication during their perinatal period, either over-the-counter or prescribed. Approximately 10% of pregnant women need medical prescriptions due to serious obstetric complications (Mitchell et al., 2011). The embryo is exceptionally sensitive and systemic toxicity of therapeutic agents may endanger the health of the mother and cause side effects to the fetus. This explains why only a limited number of therapeutic agents are applied for obstetric complications. Therefore, it is important to explore effective therapeutic drugs, seeking a balance between minimizing harmful effects on the fetal compartment and maximizing the dose to mothers.
Nanotechnology is the engineering of structures at the molecular level, often <100 nm in size (Kim et al., 2010). The field is expanding exponentially and is particularly designed to combine therapeutic drugs and deliver them to the targeted organs under controllable conditions, maximizing efficacy while minimizing off-target effects of drugs. In recent years, nanostructures have been widely used to prevent and treat diseases and are expected to become a substantial approach that assists in overcoming the limitations of various diseases. However, advances in targeted nanomedicine in the area of placental dysfunction-related diseases are still in their infancy (Kannan and Kannan, 2017). With rapid development and altered metabolism during gestation, the fetus is more sensitive to external toxic agents and represents one of the most vulnerable subgroups compared with adults. Therefore, fetal safety should be one of the utmost priorities when designing therapeutic approaches for placental dysfunction.
There is increasing interest in these novel treatments, as they improve the phenotype of placental dysfunction, including PE and FGR, where they could be used as therapeutic tools during pregnancy. This review focuses on the application of nanostructures and the advances and safety concerns of nanomedicine therapy for maternal and fetal health in placental dysfunction-related diseases. It also focuses on the use of nanoparticles as vectors that mediate the delivery of medicine to the placenta, and potential interventional targets that may have therapeutic effects in the future.
PATHOPHYSIOLOGY AND CLINICAL CHARACTERISTICS OF PE AND FETAL GROWTH RESTRICTION
PE is a series of maternal hypertensive disorders that affect 5–7% of all pregnancies and remains the major cause of death during the perinatal period worldwide, with >70,000 maternal and 500,000 fetal deaths every year (Rana et al., 2019). The clinical categories and characteristics of PE and FGR are shown in Table 1.
TABLE 1 | Clinical categories and characteristics of pre-eclampsia and foetal growth restriction.
[image: Table 1]FGR is defined as a condition in which the fetus does not reach its genetic growth potential. The diagnostic criterion for FGR is an ultrasound-estimated fetal weight (EFW) below the 10th percentile of a specific gestational age (GA). It affects about 3–7% of all pregnancies, has significant short-term and long-term complications, and may adversely affect the quality of life of the fetus (Sharma et al., 2016). According to additional fetal biometric parameters, such as biparietal diameter, head circumference, femur length, and abdominal circumference (AC), FGR can be divided into two categories: symmetrical and asymmetrical. Furthermore, the severity of FGR is determined by EFW (Table 1).
The placenta is mainly composed of mesenchymal cells, trophoblasts, and microvascular endothelial cells. The chorionic membrane is the main functional component of the human placenta. It is composed of fetal capillaries surrounded by multiple trophoblasts (Baker et al., 1993). Trophoblasts are divided into the following three types: progenitor villous cytotrophoblasts (CTBs), extravillous cytotrophoblasts (EVTs), and syncytiotrophoblasts (STBs), which migrate from the villi and invade the maternal decidua. Different trophoblasts play different roles in placental development and function. As progenitor cells of the placenta, CTBs either differentiate to form anchor cell columns, which are responsible for attaching the fetus to the uterine wall, or fuse together to form multinucleated STBs (Genbacev and Miller, 2000). This is due to the further invasiveness of CTBs at the distal end of the cell column where EVTs are formed. These EVTs invade the uterine spiral arteries and convert these blood vessels into a low-resistance state that can transport a large volume of blood to the villus space (Pijnenborg et al., 2006), allowing nutrition, oxygen, maternal-fetal signaling molecules, and drugs to be transported by STB (Figure 1). CTBs fail to deeply invade the uterine wall, causing shallow placentation and incomplete remodeling of the spiral arteries. Inadequate spiral arteriolar remodeling induces insufficient placental perfusion, leading to placental ischemia and maternal syndrome of PE and FGR.
[image: Figure 1]FIGURE 1 | Diagram of material exchange between mother and fetus.
PE and FGR have similar pathophysiological processes and pathogenic factors; both involve uterine placental hypoperfusion, vascular endothelial dysfunction, and abnormal placental invasion (Tal et al., 2010). In normal pregnancy, after forming EVT cells, they invade the spiral arteries such that both the smooth muscle and endothelium of the vessels are eroded (Jauniaux et al., 2018). The pathophysiological process of placental dysfunction in PE, FGR (and other major obstetric syndromes) is mainly abnormal physiological transformation of the endometrial spiral artery, leading to shallow placental implantation and reduced placental blood perfusion (Brosens et al., 2011). PE is a systemic vascular disease, and the basic pathological changes include systemic arteriole spasm, vascular endothelial cell damage, and peroxidative remodeling. Among these, vascular endothelial cell damage can explain various clinical manifestations of the mother, such as hypertension, proteinuria, and edema. One of the main mechanisms underlying the pathophysiology of PE is that placental factors cause maternal vascular endothelial dysfunction, and an increase in placental anti-angiogenic factors is a crucial part of the pathogenesis. Compared with healthy pregnant women, patients with PE have less angiogenesis in the placenta, and the corresponding placental perfusion is reduced, which is consistent with the severity of hypertension (Brosens et al., 2011). At present, there are differing opinions on the pathogenesis of PE. It is generally believed that the PE is caused by a combination of placental, immune, inflammatory, and genetic factors, individually or simultaneously. Despite breakthroughs in our understanding of the etiology of PE, the pathophysiology that triggers the disease remains unclear. Most researchers consider PE to be a two-stage development process, a theory first proposed by Redman (Redman, 1992). The first stage (pre-clinical and symptomless) comprises poor placentation, which is caused by insufficient invasion of cytotrophoblast cells. When cytotrophoblast cells cannot invade the uterine spiral artery normally, the consequence is dysfunctional perfusion of the placenta with oxidative and hemodynamic stress. Excessive antiangiogenic and proinflammatory factors are released into the maternal circulation by the damaged placenta. The second is the clinical expression of the disease stage, when placental factors enter the maternal blood circulatory system, leading to a maternal systemic inflammatory response and systemic vascular endothelial damage, as well as the consequences of placental ischemia. The syndrome is mainly ascribed to diffuse maternal endothelial dysfunction, and the principal clinical manifestations are hypertension and new proteinuria. As the placenta is a unique organ during pregnancy, many pregnancy complications are related to placental structure and dysfunction.
The most common pathological change in FGR is damage to the placental villi. Failure to transform the branches of the placental spiral artery restricts the flow of maternal blood to the villus space, and continuous ischemic and perfusion damages the developing placental villi. Compared with normal pregnancy, the volume and surface area of the fetal FGR placenta decreases significantly, placental thickness increases, the blood vessels in the villi decrease or disappear, the lumen narrows or even becomes occluded, and the percentage of villi, capillaries, and surface area of the villi are all reduced (Erlandsson et al., 2021). Through experiments in guinea pigs, Canas et al. found that FGR is associated with a heterogeneous pro-constrictive vascular remodeling that sets in during pathologic pregnancy to sustain fetal blood redistribution (Cañas et al., 2017). Therefore, FGR not only increases the risk of intrauterine death and related diseases but also affects the growth rate and incidence of cardiovascular disease after birth. In short, the morphology of the FGR placenta is grossly abnormal. This is prominently manifested as the reduction of the surface area and volume of the villi blood vessels, resulting in insufficient placental blood flow, reduced material exchange area, placental hypoxia, malnutrition, and pathological changes around the villi. This results in compression of normal placental tissues, further exacerbating the condition. Abnormal placental morphology eventually leads to placental dysfunction, which adversely affects the fetus in the perinatal period and poses hidden dangers to the health of the fetus after birth.
Studies have found that hypoxia and/or ischemia-reperfusion causes the release of free radicals and inflammatory mediators. This causes cellular stress in STB cells (placental epithelium), resulting in excessive release of numerous factors, leading to exaggerated inflammation, endothelial cell proliferation, and survival defects (Powe et al., 2011). Studies have found that the balance between soluble fms-like tyrosine kinase 1 (sFlt1) and PIGF is of particular clinical importance (Burton et al., 2019; Ives et al., 2020). Excess release of sFlt1 and sENG isolate circulating PIGF and vascular endothelial growth factor (VEGF), thus reducing their bioavailability and subsequently the maternal plasma concentration of these hormones (Cindrova-Davies et al., 2011). This article reviews the pathophysiology of PE and FGR, and proposes several possible therapeutic targets for the treatment of placental dysfunction.
OVERVIEW OF CLINICAL THERAPIES
Currently, there is no effective clinical therapy for placental conditions resulting in FGR or PE. Physicians often only administer symptomatic treatment or counsel the patient for early induction with premature delivery based on fetal or maternal conditions, which results in a high cost of neonatal intensive care and poor perinatal outcomes (Carr et al., 2017; Morton et al., 2017). Owing to an incomplete understanding of the underlying mechanisms of placental dysfunction in FGR and PE, therapeutic advances have been partially impaired. Current pharmacological treatments have significant similarities between PE and FGR, such as fetal monitoring, perinatal blood pressure control and monitoring, prenatal aspirin therapy, betamethasone for patients aged <34 weeks to mature fetal lung, parenteral magnesium sulfate to protect the brain tissue, preconception counseling, and careful follow-up of postpartum blood pressure. Timely pregnancy termination remains the only definitive treatment. (ACOG, 2013; ACOG, 2019)
PLACENTAL DEVELOPMENT
The placenta is an important, complex, and special organ between the mother and fetus. It is a critical organ for material exchange, nutrient metabolism, hormone secretion, and protection of the fetus from invasion by microorganisms. The placenta is indispensable for maintaining the normal processes of pregnancy and fetal development. It is composed of the fetal part (villous chorion) and maternal part (decidua), as shown in Figure 2. During pregnancy, the number of villi in contact with the decidua basalis increases rapidly, branching repeatedly, and is called the villous chorion. The placenta is divided by the decidua basalis into independent functional vascular units called cotyledons, which are villous tree-like structures consisting of villous stroma, fetal capillary endothelium, and trophoblast layer. The trophoblast layer is composed of syncytiotrophoblasts, which are derived from the bottom layer of replicating monocytes, called cytotrophoblasts. The trophoblast serves as the placental barrier and is located in the outer layer of the villus tree, which is immersed in maternal blood. As gestation progresses, the number of cytotrophoblasts decreases, resulting in a thinner layer near the end of term.
[image: Figure 2]FIGURE 2 | Schematic drawing of a transverse section through a full-term placenta.
Approximately 5 days after conception, the embryo is called a blastocyst and contains 50–100 cells. As the blastocyst invades deep into the parenchyma layer of the endometrium, reestablishment of imprinting is underway. Trophoblasts are the outermost cell type of the placenta and are directly exposed to the maternal environment before and after implantation. Precursor monocyte trophoblast cells fuse to form multinucleated syncytial trophoblast cells or acquire a migrating phenotype to become EVTs.
Interactions between the blastocyst and uterine cells trigger the expression of numerous genes in the trophectoderm (Aplin and Ruane, 2017; Ruane et al., 2017) and initiate the development of primary invasive syncytial masses. A cytotrophoblast layer appears on the trophoblast plate. Placental villi appear on day 18 after conception. At this stage, several mononuclear trophoblasts escape from the placenta and begin to invade the maternal interstitium (Figure 3).
[image: Figure 3]FIGURE 3 | Schematic diagram of the human placental implantation site. The placenta is in the lower part of the picture, Located in the villi space above the uterine wall, and adjacent to a uterine spiral artery. The maternal blood first immersed in the ST layer, and directly below the ST layer is the CTB layer. The blood flows to the fetus through the umbilical cord (see gray arrow). iEVTs are depicted breaking through the CS and invading through the decidua. iEVTs, Invasive interstitial extravillous cytotrophoblasts; ST, Syncytiotrophoblast; CTB, cytotrophoblast; CC, cell column; CS, cytotrophoblast shell; DC, decidual cell; FV, fetal vasculature.
In addition to being affected by the development of the placenta itself, circulating maternal substances may also have an impact on placental development. Nutritional ingredients can be transported by trophoblasts to the coelomic cavity and then to the yolk sac. The yolk sac, in turn, transports the metabolism to the embryonic intestine. This pathway is the main nutritional pathway before the formation of placental hemoglobin interface at 11 weeks. However, the specific mechanism of fetal growth defects caused by the lack of histotrophic support for the embryo remains to be explored.
POTENTIAL DELIVERY TARGETS
The placenta plays several key roles, including, but not limited to, the delivery of oxygen and nutrients to the fetus and the production of hormones and signals needed to support pregnancy (Lager and Powell, 2012; Napso et al., 2018). The characteristics of placental microvascular endothelial cells are similar to those of trophoblast cells (Troja et al., 2014). This similarity makes cell specificity particularly important, effectively avoiding the off-target effects of nanotherapy or other clinical treatments. Some studies have identified PLAC1 and CyP19a as genes with trophoblast-specific promoters (Rawn and Cross, 2008; Fant et al., 2010). They found that nanoparticles loaded with insulin-like growth factor 1 (IGF-1) molecules could effectively target human trophoblast cell lines. Nanoparticles are nanosized materials (diameter between 1 and 100 nm) that can load multiple drugs or agents. Because of their high surface-area-to-volume ratio and other properties, they can achieve high targeted drug or agent densities. Nanoparticles can also carry the drug within and controlled-release to increase the local drug concentration when tied to the targets. Nanoparticles are divided into different types based on structural differences, including polymeric nanocarriers, polymer conjugates, dendrimers, carbon nanotubes, gold nanocarriers, and lipid-based carriers, such as liposomes and micelles (Figure 4).
[image: Figure 4]FIGURE 4 | The biophysiochemical properties of nanomaterials for drug delivery in placental dysfunction.
These nanoparticles have been used in various applications such as targeted drug delivery, imaging, apoptosis detection, tumor photothermal ablation, and sentinel lymph node localization. Due to the specificity of pregnancy, the application of nanomaterials is strictly limited. In addition to the types of materials, the size of nanomaterials also needs to be carefully designed because the size greatly affects their clearance, cellular uptake, and blood circulation time. For example, nanoparticles >5 nm in size can be quickly cleared by the kidneys. However, nanoparticles between 10 and 100 nm stay longer in circulation and exhibit higher cellular uptake. The type of surface charge also affects nanoparticle absorption (Nel et al., 2009; Blanco et al., 2015). Opsonization can enhance the recognition of NPs by the mononuclear phagocytic system, thereby promoting their uptake in the liver rather than reaching the expected target location. Therefore, to deliver therapeutic agents to targeted placental sites, it is necessary to control the hepatic clearance rate of nanomedicines to develop targeted therapies for the treatment of obstetric complications. Stealth agents, such as polyethylene glycol, can be used to encapsulate nanoparticles to prevent them from binding to blood proteins and have been shown to extend their blood circulation time (Gref et al., 1994; Suk et al., 2016). The safety and distribution of nanoparticles in the placenta are the main problems associated with the clinical use of nanomedicine in pregnancy-related diseases. The lack of knowledge on the transplacental pathways, targeting mechanisms, and their interaction with the placental membranes of NPs further limits the implementation of nanodrugs during pregnancy. In addition, the characteristics of nanoparticles targeting the placenta are not only affected by the physicochemical properties of nanoparticles but also depend on placental maturation and gestational age (Yang et al., 2012). A complete understanding of the placental characteristics facilitates the design of highly targeted nanomaterials and is conducive to the treatment of pregnancy-related diseases. Furthermore, because placental properties vary with pathological conditions, it is necessary to carefully assess the impact of these conditions (Saunders, 2009; Dimasuay et al., 2016). The tunability of nanomedicine has great potential to overcome biological obstacles in targeted drug delivery systems and for the clinical development of nanomedicine to treat maternal and perinatal complications.
Placental pathological conditions affect the interaction between the placenta and nanoparticles and alter gestational age (Mihaly and Morgan, 1983; Wang et al., 2010). Wang (Wang et al., 2010) examined the uptake of drugs at different gestational weeks and found that 63Ni uptake, retention, and transport in the placenta showed a dose-dependent increase. In another study, McIntyre et al. assessed the effects of pathology on the delivery of important amino acids through the placenta and showed reduced delivery of glutamate and glutamine through the placenta in FGR models (McIntyre et al., 2020). As the delivery is limited, the influence of gestational age on nanoparticle targeting efficiency to placenta needs to be further discussed in the future. Since the placenta is immersed in the maternal blood, its main function is to absorb and exchange substances and is thus considered an excellent therapeutic target for dysfunctional placenta treatment. To achieve this specificity, the factors that influence the binding of particles to the placenta need to be recognized and studied. The physicochemical properties of the drug determine its rate of transfer across the placenta, including polarity, molecular weight, size, and lipid solubility (Syme et al., 2004; Evseenko et al., 2006). Most small-molecule drugs (<600 Da) pass through the placenta, mainly via passive diffusion, and are hence subject to placental blood perfusion. Some large proteins such as transthyretin and IgG tend to interact with specific receptors of the syncytial membrane and can be transcytosed across trophoblastic cells into the fetal part (Malek et al., 1995). Contrarily, micromolecules such as nanoparticles typically enter the placenta via other mechanisms, predominantly pinocytosis/endocytosis and phagocytosis (Hillaireau and Couvreur, 2009). Nanoparticles and other macromolecules are absorbed into the placenta, mainly via endocytosis, pinocytosis, and phagocytosis (Conner and Schmid, 2003). However, few studies have been published on the topic of nanoparticles crossing the placenta, and we do not yet fully understand the transplacental absorption and exchange mechanisms of all nanoparticles. Some studies have shown that trophoblasts can absorb polymeric nanoparticles via dynamin-mediated endocytosis. This result supports the ability of NPs to enter the placenta through endocytosis (Bajoria and Contractor, 1997; Menezes et al., 2011).
Systemic small-molecule therapy lacks specificity to the pathological site and can pass through the placenta and reach the fetus, causing adverse effects (Syme et al., 2004). For example, indomethacin is one of the most commonly used tocolytic agents in the clinical treatment of preterm birth because it can easily enter fetal circulation and can also cause side effects, such as intraventricular hemorrhage (Hammers et al., 2015), constriction of the fetal ductus arteriosus (Vermillion et al., 1997; Suarez et al., 2002), and necrotizing enterocolitis (Major et al., 1994; Sood et al., 2011). Targeted delivery aimed at disease-associated cells in the placenta can now open new avenues for developing targeted therapies to address perinatal health. The application of nanotechnology can ensure the delivery of therapeutic drugs to specific cells, thereby preventing harmful side effects in the mother or fetus. Because NPs can be modified to target specific cell populations, nanoloaded drugs can optimize their biodistribution, thereby reducing their side effects. In conclusion, it is vital to select specific targets based on their unique placental structure.
Studies have compared the difference between placental development and cancer, suggesting that the establishment of the placenta may represent controlled cancer (Fidler, 2003; Ferretti et al., 2007; Holtan et al., 2009). Evidence suggests that placental development is similar to genetic and epigenetic regulation of cancer (Lorincz and Schübeler, 2017; Smith et al., 2017). In tumors, p32 has been identified as the main cell surface receptor for the peptide CGKRK (Fogal et al., 2008; Agemy et al., 2013); the same molecule has been shown to be highly expressed in the STB, underlying CTB, vascular endothelium, and villous stroma in the first trimester and term placenta. The expression of p32 was significantly reduced in FGR placentas, suggesting that p32 is important for the proliferation of CTB, as well as the process of FGR (Matos et al., 2014). Calreticulin, a calcium-binding protein in the endoplasmic reticulum (Waisman et al., 1985), plays a significant role in the proliferation, migration, and extracellular matrix degradation of cancer cells (Chiang et al., 2013). The same Calreticulin is overexpressed in PE placental tissues (Shi et al., 2012) and can selectively bind to the synthetic peptide KLGFFKR (Burns et al., 1994). av integrins are receptors for the homing sequence of iRGD in tumor cells (Sugahara et al., 2009), and act as adhesion molecules to mediate cell signaling and extracellular matrix attachment. The av integrin is continuously expressed in the mouse placenta throughout pregnancy (Sutherland et al., 1993). Studies have found that integrin avb3 is expressed on the surface of the human placenta (Vanderpuye et al., 1991; Zhou et al., 1997). King et al. further developed nanoparticles packaged with FAM-iRGD, which could selectively deliver insulin-like growth factor 2 (IGF-2) to the mouse placenta in a mouse model of FGR. In summary, specific and highly expressed proteins or ligands in the placenta have the potential to be targets for the development of new drugs to treat placental dysfunctions.
NANOPARTICLES
Nanomedicine is the application of nanotechnology for the treatment, prevention, monitoring, and control of biological diseases, and has been widely applied in the field of oncology (Peer et al., 2007). The clinical therapeutic effect of nanomaterials also requires precise targets (receptors and/or cells), which can be specifically identified by nanoparticles and are suitable for the delivery system to improve the efficacy of the original drug and minimize side effects. Some of these precise targets include proteins, macrophages, dendritic cells, endothelial cells, and tumor cells (Table 2). When NPs contact and break down their targets, the drug is released to assert its therapeutic function. There are many types of nanomaterials and nanocarriers used for drug transfer with the aim of treating diseases, including liposomes, dendrimers, micelles, polymeric micelles, polymeric nanoparticles, and metallic nanoparticles (Adekiya et al., 2020; Pritchard et al., 2021). In summary, nanomaterials may provide novel treatment options for obstetric medical conditions. A few of these are discussed in the following section, focusing mainly on the three types of nanoparticles applied in the fields of obstetrics and gynecology (Figure 4).
TABLE 2 | Characteristics of nanoparticles that would be beneficial in treating placental dysfunction.
[image: Table 2]Liposomes
Liposomal nanoparticles are a subgroup of lipid-based nanoparticles, which are spherical organic engineered vesicles whose central aqueous core is surrounded by a lipid bilayer and can effectively encapsulate macromolecules as well as DNA and siRNA inside the aqueous cores or in lipid membranes, similar to cell membranes. This means that liposomes have better drug distribution and lower systemic toxicity (Park, 2002). These properties make them the most versatile nanocarriers (Bamrungsap et al., 2012; Majzoub and Ewert, 2016; Zylberberg and Matosevic, 2016). Nanoparticles are usually composed of phospholipids and can form unilamellar and multilamellar liposome structures, allowing the transport and delivery of lipophilic, hydrophilic, and hydrophobic drugs and can expand their use by capturing lipophilic and hydrophilic compounds in the same system (Sarfraz et al., 2018). Their stability in vivo and in vitro can be altered during the synthesis process according to their potential application, which is affected by the nanoparticle size, lipid composition, surface modification, surface charge, and number of lamellae (Sercombe et al., 2015; Fenton et al., 2018; Sedighi et al., 2019). Because liposomes can be rapidly absorbed by the reticuloendothelial system, they are usually surface-modified to enhance delivery and extend their circulation. By conjugating with antibodies or peptides to target nanoparticle therapeutic delivery, it significantly lowers the required therapeutic dose compared to systemic administration. In addition, this conjugation also reduces side effects, and increases tissue targeting specificity. Such conjugation has allowed nanoparticles to be used clinically by loading chemotherapeutic drugs, such as cytarabine and daunorubicin, in treating cancers (Lowis et al., 2006; Khalin et al., 2014; Fonseca-Santos et al., 2015).
Polymeric Nanoparticles
Polymeric nanoparticles are solid-phase colloidal systems composed of biocompatible and biodegradable polymers, with the additional advantage of the ability to load drugs and proteins without chemical alteration. They can be synthesized from natural, synthetic materials, monomers, or prefabricated polymers (Le and Chen, 2018; Zhang et al., 2019; Brown et al., 2020; He et al., 2020; Zhang et al., 2020), resulting in various structures and functions; these may include dissolving, wrapping, encapsulating, or adsorbing drugs into the polymer matrix, followed by controlled release at the target site. Owing to their simple formulation parameters, they can be formulated to enable precise control of multiple nanoparticle features (Volpatti et al., 2020). These characteristics enable polymeric nanoparticles to deliver various payloads, including hydrophilic and hydrophobic compounds, small molecules, and bio-macromolecules, making polymeric nanoparticles an ideal vehicle for co-delivery applications (Xu et al., 2013; Afsharzadeh et al., 2018; Caldorera-Moore et al., 2019; Jose, 2019; Knight et al., 2019; Strand et al., 2019; Zhang et al., 2020). The most common forms of polymeric nanoparticles are nanocapsules and nanospheres. The former is a cavity surrounded by a polymer film or shell, and the latter is a solid matrix system. Within these two categories, nanoparticles are further divided into polymersomes, dendrimers, and micelles, according to their shapes. Polymersomes have a structure similar to that of liposomes, but are usually composed of synthetic polymer amphiphiles, including poly (lactic acid)-based copolymers, which are difficult to biodegrade and limit their wide clinical application. However, some polymers, including polymer-mediated delivery of chemotherapeutics, are currently used in clinical practice (Rosen et al., 2003; Sabbatini et al., 2004; Duncan, 2006; Etrych et al., 2011) and PEGylated interferon (IFN)-a-2a for hepatitis C (Glue et al., 2000).
Dendrimers
Dendrimers, are morphologically complex three-dimensional hyperbranched polymers prepared by divergence or polymerization of branched monomers. Dendrimers consist of three regions: a core in the center, inner branches (dendrons), and exterior surface functional groups, each of which is called a generation (G). In the controlled synthesis process, different variables (size, molecular weight, and number of surface groups) gradually increased with increasing G number. For the most familiar poly (amidoamine) (PAMAM) dendrimers, the G0 type has a molecular weight and 1.5 nm diameter, whereas the G7 type has a mass molecular weight of 116,493 and 8.1 nm diameter (Esfand and Tomalia, 2001). Active functional groups enable biomolecules to conjugate to the surface, whereas drugs and DNA/RNA can be encapsulated in the interior. Their size, mass, shape, and surface chemistry can be highly modified and easily customized, making their pharmacokinetics more predictable and controllable (Lee et al., 2005). Similar to liposomes, both are rich in cavities and have a spherical shape with a hydrophobic core and hydrophilic periphery, making them a unique carrier for siRNA delivery (Svenson and Tomalia, 2005; Bawarski et al., 2008). Numerous studies have shown that the active functional groups that exist on the exterior of dendrimers can bind biomolecules or contrast agents to the surface, whereas drugs can be encapsulated in the interior. However, drugs can also be loaded onto the external branching surface of dendrimers, resulting in an extremely high load capacity (Svenson and Tomalia, 2005). Dendrimers can load many kinds of substances but are most commonly used to deliver small molecules and nucleic acids (Xu et al., 2014; Mendes et al., 2017). Several products based on dendrimers are currently being tested in clinical trials. These include theragnostic (therapeutic and diagnostic) agents, molecules used in transfection, contrast agents, topical gels, and charged polymers, such as PAMAM and polyethyleneimine (PEI) (Menjoge et al., 2010a; Kannan et al., 2014; Xu et al., 2014). Although there are currently no dendrimer drugs available for clinical use, they have great potential for clinical translation. Specifically, its utilization can target the delivery of chemotherapeutic drugs, improve the oral route of administration, and enhance intracellular drug delivery (Menjoge et al., 2010a; Myc et al., 2010; Najlah and Demanuele, 2006; Najlah et al., 2007; Wolinsky and Grinstaff, 2008).
NANOMEDICINE FOR THE TREATMENT OF PLACENTAL DYSFUNCTION
In nanomedicine, the development of promising NPs for biomedical applications requires many physical, chemical, biological, and functional properties. The key factor is size. The size and conformation of nanoparticles together determine their trajectory dynamics, which is decisive for nanodrug formulations. Other factors that should be considered include the surface charge of the nanoparticles, encapsulation ability, high drug-loading efficiency, long circulating half-life, minimal systemic toxicity, selective localization, high adhesion in the placental environment, and enhanced internalization and imaging of the placenta through endocytosis. The sustained and controlled release of drugs is an important factor for precise targeted drug delivery of nanodrugs. These characteristics are of great significance for the application of NPs in the diagnosis and treatment of diseases related to placental dysfunction. Most of the aforementioned nanodelivery systems rely on enhanced penetration and retention effects of targeted drug delivery. However, owing to the lack of knowledge regarding highly expressed targets and ligands, the application of nanomedicine in placental dysfunction is limited. In the past few decades, significant progress has been made in understanding the pathophysiology of placental dysfunction and its molecular mechanisms (Table 3). These studies have laid a solid foundation for nanodrug-targeted therapies. As placental dysfunction can lead to many pregnancy complications, the treatment of placental dysfunction can benefit the fetus, thus improving long-term health (Ganguly et al., 2020) (Figure 5). Next, we review the therapeutic options for enhancing placental function, as well as improving the subsequent state of hypoxia and oxidative stress. We also review targets including trophoblasts, placental-specific affinity peptides, and placental growth factor pathways, and targeting placental delivery of miRNA, DNA, mRNA, and siRNA therapies.
TABLE 3 | Targeted drug delivery systems and human ex vivo placenta perfusion model to investigate placenta-NP interactions.
[image: Table 3][image: Figure 5]FIGURE 5 | Schematic illustration demonstrating placental targeted drug delivery and nanoparticles applied in pregnancy. Nanoparticle mediated controlled drug and gene delivery specifically targeted to placenta may provide novel avenues for treating placental dysfunction without potential side effects.
Targeting affinity-based peptides was initially applied in the treatment of tumors to deliver therapeutic agents to tumors and related vascular systems (Ruoslahti et al., 2010). As stated in the study, some cell surface antigens are expressed in tumors but absent from healthy tissues. These antigens can bind to circulating ligands, including antibodies and peptides. Therefore, the injection of ligands to which drugs or genes are attached can target the therapeutic agent to be delivered to tumors rather than to normal cells. As previously discussed, placenta and solid tumors have many commonalities, such as rapid cell proliferation, production of growth factors and cytokines, and evasion of immune surveillance. Furthermore, the migration and invasion of placental trophoblast cells in the uterine spiral artery are similar to the invasion and metastasis of cancer cells.
Therefore, to provide a method for drug/gene-specific delivery to the placenta, King and Ndifon, (2016) linked the tumor-homing peptide sequence CGKRK or iRGD to the antigen specifically expressed on the surface of the placenta and bound it to the liposome; specifically, an immunochemistry assay revealed that the peptides could selectively target the segments of endovascular trophoblast lining remodeled arteries and the endothelium of established spiral arteries. The CGKRK-coated peptide also accumulated in the STB layer, but not in the CTB layer, during early gestation and in term human placental explants. In addition, it was found that the tumor-homing peptides CGKRK and iRGD could selectively bind to the human and mouse placenta and did not affect the normal development of the fetus. Liposome nanoparticles coated with these tumor-homing peptides were used as placental targeting ligands and accumulated in the mouse placenta after intravenous injection in pregnant mice. iRGD-coated nanoparticles delivered IGF-2 to the mouse placenta, significantly promoting placental growth in healthy wild-type mice. The average weights of FGR model P0 fetuses is 69% of wild-type birth weight in late gestation (Constancia et al., 2002). Targeted delivery of IGF-2 liposomes effectively increased fetal weight of P0 fetuses (83% wild-type weight), demonstrating the effectiveness of targeted delivery of drugs to the placenta and providing a new method of placental-specific treatment.
Subsequently, the same team further studied another targeting peptide, CNKGLRNK, which specifically binds the vasodilator 2-[[4-[(nitrox)methyl]benzoyl] thio]-benzoic acid methyl ester (SE175) to the placental tissue, as mentioned above. Nitric oxide is packaged to act as a vasodilator and enhance uterine placental perfusion. In vitro studies have shown that myography can relax placental blood vessels in both mice and humans. In in vivo studies, intravenous injection of liposomes coated with CNKGLRNK peptide to which the vasodilator SE175 was attached neither promoted placental nor increased fetal weight growth in healthy wild-type mice; however, in a mouse model (nitric oxide synthase knockout mice-eNOS−/−) of FGR, fetuses had a mean weight 13% lower than that of C57BL/6J mice; targeted delivery of SE175 increased mean fetal weight (4%) compared with the control group. In addition to weight gain, the team also found that spiral artery diameter was larger, and the expressions of placental oxidative stress markers, COX-1, COX-2, and 4-hydroxynonenal, were reduced in the placenta (Cureton et al., 2017). Another study (Cureton et al., 2017) showed that the use of specific vascular-targeting peptides to selectively deliver vasodilators to the uterine placental vasculature may provide a promising treatment for FGR caused by impaired uterine placental perfusion.
Other studies have found that microRNAs (miRNAs) affect the growth of the human placenta and fetus (Kang et al., 2015), and that the expression of miRNAs changes in pregnancy complications, including PE and FGR. Therefore, Beards et al. (2017) used a similar peptide-based strategy to study whether targeted placental delivery of miR-675 or miR-145 inhibitor conjugates can relieve these respective miRNA inhibitory effects on the proliferation of the human CTB layer in vitro and the growth of the mouse placenta. Therefore, liposomes coated with the peptide CCGKRK were linked to miR-675 or miR-145 inhibitor peptide nucleic acid (PNA) conjugates and injected intravenously into mice or added to human villous placental explants during the first trimester or term pregnancy. Compared with the control group, pregnant mice injected with miR-675 inhibitor or miR-145 inhibitor PNA had increased fetal and placental weights and significantly increased proliferation of CTB, but neither the experimental group nor the control group exerted any effect on litter size or fetal absorption.
These studies have successfully exploited several placental homing peptide-packaged nanoparticles that provide a novel platform as potential therapeutic targets for placental dysfunction. In addition, researchers have also found that other peptides, such as the placental chondroitin sulfate A binding peptide (plCSA) packaged with nanoparticles, can selectively target the trophoblast layer (Zhang et al., 2019). Zhang et al. (2018) showed that plCSA nanoparticles specifically bound to trophoblast cells in mouse and human placental tissue in vitro, but not to the fetus, maternal, placental junctional zone, or decidua tissues. Additionally, plCSA NPs were injected intravenously into mice from 6.5 to 14.5 days of pregnancy, and it was found that plCSA NPs containing methotrexate significantly inhibited placental growth and induced apoptosis in the placenta but did not have side effects in maternal tissues. In the control group, animals treated with MTX alone showed severe damage to their maternal tissues, especially the liver and kidneys. In summary, these studies indicated that NPs decorated with a plCSA-binding peptide can be used as a novel placenta-specific therapeutic delivery platform.
Other promising approaches to enhance placental function based on peptide homing include DNA, mRNA, and siRNA therapies to correct the expression of genes that are important in the development of the placenta. IGF1 and IGF2 are critical for achieving appropriate development of the fetal placenta and fetus throughout gestation. Thus, they have been considered as potential targets for intrauterine growth restriction (FGR), which has been a source of interest for many researchers. Jones et al. (2013) demonstrated that overexpression of IGF1 in the placenta improves placental glucose transport in a model of human trophoblasts, thus correcting fetal weight deficits in a mouse model of FGR, and further elaborated the underlying mechanisms of the above effect by enhancing the expression of amino acid transporters (Jones et al., 2014). Abd Ellah et al. (2015) subsequently used a nanostructure delivery system, diblock copolymer (pHPMA-b-pDMAEMA), conjugated with the IGF-1 gene and trophoblast-specific gene promoters of Cyp19a or PLAC1 in a mouse model of FGR and trophoblast cell lines. They found that the offspring weights of experimental group had 20% higher than those in the control group, indicating that the complexes were effective in rescuing fetal growth in a mouse model of the FGR phenotype and significantly increased the expression of placental IGF-1, compared to the same complexes with empty plasmids that do not encode IGF-1. Moreover, Wilson et al. (2020) showed that nanoparticles complexed with IGF-1 and PLAC1 promoters maintained normal fetal growth in an FGR mouse model and in the human placental syncytium. However, it remains to be determined whether it is possible to achieve placental targeting of IGF-1 through the peripheral administration of placental homing peptide-decorated nanoparticles.
As described previously, in most cases of PE and FGR caused by placental dysfunction, the main pathophysiological process is abnormal invasion of the placenta into the uterine wall, which can lead to poor placental perfusion and subsequent hypoxia. Hypoxia in the placenta is assumed to cause STB stress, thus reducing nutrient transport, which, in turn, is a source of antiangiogenic factors for the fetus, such as sFlt1. sFlt1 is an angiogenesis-related factor and current studies have confirmed that it is a clinically specific biomarker for the prevention and diagnosis of PE. Gene therapy has shown great potential in placental dysfunction as demonstrated by Turanov et al. who showed that siRNAs-sFlt1 could effectively reduce circulating and placental levels of sFlt1. This led to alleviation of clinical symptoms, and improvement in pregnancy outcomes in a pregnant mouse model and baboon model of PE, respectively. Gene therapy combined with nanotechnology to regulate sFlt1 expression has been explored as a promising treatment for PE. Yu et al. (2017) found that siRNA-sFlt1-PAMAM dendrimer complexes significantly reduced the secretion of sFlt1, greatly attenuated the symptoms of PE, and improved pregnancy outcomes in a PE mouse model.
Because nanoparticles targeting CSA can specifically deliver drugs to the placenta, Li et al. (2020b) generated carboxyl-polyethylene glycol-poly (D, L-lactide; PEG-PLA) NPs, a new siRNA delivery system, using double-emulsion methods. They complexed placental CSA binding peptide (P-CSA-BP) and PEG-PLA nanoparticles to create a novel delivery system of siRNA-sFlt1 that can specifically target trophoblasts. Their results illustrated a significant decrease in sFlt1 mRNA in the placenta and sFlt1 protein in the serum without any maternal or fetal toxic effects on the utility of T-NPsisFlt1 nanoparticles. The same research group used placenta-targeted PEG-PLA NPs (T-NPNrf2, T-NPNrf2, and sFlt1) to simultaneously downregulate both Nrf2 and sFlt1 in the placenta, and their results showed that inactivation of sFlt1 and Nrf2 alleviated the symptoms of PE and improved pregnancy outcomes. These results suggest that inactivation of sFlt1 and Nrf2 may provide a new therapeutic strategy for PE (Li et al., 2020a).
siRNA by themselves are usually unstable in the bloodstream, thus limited in their ability to reach target tissues and cells. However, when encapsulated by nanoparticles, siRNA complexes have better stability and are easily internalized by the CTB, which minimizes potential side effects to the mother and fetus. Valero et al. (2017) previously confirmed using two ex vivo human models, a dual-perfused placenta and suspended villous explants that their liposomes exhibit great potential for the delivery of placental drugs. This was attributed to the fact that they were able to target delivery to the placenta without interfering with fetal circulation. They then applied three different charged states to liposomal formulations to deliver negatively charged siRNA, and the results showed that siRNA complexes were more biocompatible and better internalized by human primary villous CTBs, with a minimized toxicity effect (Valero et al., 2018). Their work highlights that liposome were designed to be used in conjunction with siRNAs and could provide a novel and promising approach to gene therapy in pregnant patients with placental dysfunction-related diseases.
Chronic placental dysfunction also leads to a state of oxidative stress, and accumulating evidence suggests that developing embryos are extremely sensitive to reactive oxygen species (ROS) and oxidative stress during the organogenesis stage. Vafaei-Pour et al. (2018) found protective effects of ceria nanoparticles, showing that the treatment of nanoceria significantly inhibited oxidative stress and pathological changes in embryos. Therefore, systematic administration of antioxidant therapy can attenuate pregnancy complications. Phillips and Scott, (2017) investigated the maternal injection of a non-targeted c-PGA-Phe polymeric nanoparticle-bound antioxidant mitochondrial antioxidant (MitoQ) in vitro and in vivo. In a hypoxic pregnant rat model, exposure to hypoxia resulted in decreased birth weight. MitoQ combined with nanoparticles (concentrated in the CTB) rescued 60% of the deficit and reduced oxidative stress in the placenta but did not affect the weight of the placenta or fetus. More importantly, nanoparticle complexes were not detected in fetal thoracic, abdominal, or brain tissues. These results demonstrate that antioxidant therapy is a promising candidate for the treatment of placental dysfunction. Targeted delivery of hemoglobin (Hb) via liposomes (hemoglobin vesicles) was also developed as an artificial oxygen carrier for the treatment of fetal hypoxia, and using a model of pregnant rats, they found that there were no adverse effects on fetal development and the pregnant mother, but studies have found that there is the deposition of liposomes in the fetus. This safety study of Hb vesicles during pregnancy may contribute to a novel clinical treatment for placental dysfunction caused by fetal hypoxia. However, the possible clinical effects of liposome deposition require further investigation.
Infection is also one of the causative factors of FGR. Genital infections, both bacterial and viral infections, required urgent treatment during pregnancy. A study evaluated the transplacental kinetics biodistribution and transfer of PAMAM dendrimers and conjugates ex vivo across the human placenta model and found that the maternal side placental perfusate was 18-fold higher than the fetal side, indicating that the PAMAM dendrimers exhibited a low transplacental rate (Menjoge et al., 2011). Another study used an ex vivo model to evaluate the same PAMAM dendrimers for intravaginal application to treat the ascending genital infections in pregnant women. The results showed that the dendrimers exhibited a low transplacental rate (<3%) compared with almost 50% in the control group (Menjoge et al., 2010b). These results demonstrate that the use of dendrimers in combination with drugs can effectively prevent them from crossing human fetal membranes when administered intravaginally, and thus may provide a new way to selectively deliver therapeutic drugs to the mother, thereby reducing fetal exposure risks. Collectively, the studies outlined above clearly demonstrate the opportunity to exploit novel targeting NPs to deliver therapeutics to the placenta and provide platforms for the development of placenta-specific therapeutics, including gene delivery.
DISCUSSION
As discussed in this review, nanotechnology presents an exciting opportunity to improve many aspects of our lives and is believed to hold immense potential for treating placental dysfunction, reducing the risks to the mother and fetus. There is an urgent need for novel treatments of placental dysfunction-related diseases. Nanoparticles targeted to the placenta may offer noninvasive options for treating placental dysfunction-related diseases, such as PE and FGR. Specifically, the targeted delivery of therapeutic molecules to the dysfunctional placenta may provide opportunities to treat serious obstetric complications. This review highlights the application of nanotechnology, and the advances and safety concerns of nanomedicine therapy for maternal and fetal health in the phenotype of placental dysfunction. However, it is essential that any associated risks be fully assessed before the field develops too far. Fundamental to developing a comprehensive understanding of the risks of nanoparticles in this area is the evaluation of interaction of NPs with biological barriers, which dictate access to the whole organism and specific organs. Recent advances in targeted delivery strategies have stimulated our interest and broadened our horizons. Hence, our research team aimed to prepare nanodrugs specifically targeting the placenta to provide potential treatments for placental dysfunction.
In summary, the following scientific issues must be resolved in the field of nanoparticle research: 1) Optimal nanoparticle design. To achieve their diagnostic and therapeutic functions, nanoparticles must first be able to break through the physiological and cellular barriers; therefore, they must reach the target tissue and cells at a certain concentration, thus improving the therapeutic effect and reducing side effects on the mother and fetus. Achieving this targeted delivery process through the optimization and innovative structural design of nanoparticles and further increasing the cumulative dose in the placenta are important challenges for future research. 2) Nanoparticles have a complex relationship between structure and function. In addition, they may come in different material characteristics (size, shape, charge, and composition), and may exhibit different physiological environments, that may present different toxicological results in diseases. Thus, it is difficult to approve nanoformulations. To promote the application of NPs, the safety and effectiveness of clinical requirements must be coordinated with the complexity of NPs to promote the development of standard methods for the characterization and preparation of nanomaterials.
AUTHOR CONTRIBUTIONS
YY, QZ, and LS are the corresponding authors who initiated the project, made suggestions, and revised the article. HJ, LL, DZ, and XZ searched the database and wrote and finalized the manuscript. All authors reviewed and commented on the manuscript.
FUNDING
This work was supported by grants from the National Natural Science Foundation of China (Nos. 82071656, 81902622, and 81771659), Science and Technology Commission of Shanghai Municipality (No. 21Y11907500), and the Shanghai “Science and Technology Innovation Action Plan” Hong Kong, Macao, and Taiwan Science and Technology Cooperation Project (20430760100).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Abd Ellah, N., Taylor, L., Troja, W., Owens, K., Ayres, N., Pauletti, G., et al. (2015). Development of Non-viral, Trophoblast-specific Gene Delivery for Placental Therapy. PLoS One 10, e0140879. doi:10.1371/journal.pone.0140879
 Adekiya, T. A., Kondiah, P. P. D., Choonara, Y. E., Kumar, P., and Pillay, V. (2020). A Review of Nanotechnology for Targeted Anti-schistosomal Therapy. Front. Bioeng. Biotechnol. 8, 32. doi:10.3389/fbioe.2020.00032
 Aengenheister, L., Dietrich, D., Sadeghpour, A., Manser, P., Diener, L., Wichser, A., et al. (2018). Gold Nanoparticle Distribution in Advanced In Vitro and Ex Vivo Human Placental Barrier Models. J. Nanobiotechnol 16, 79. doi:10.1186/s12951-018-0406-6
 Afsharzadeh, M., Hashemi, M., Mokhtarzadeh, A., Abnous, K., and Ramezani, M. (2018). Recent Advances in Co-delivery Systems Based on Polymeric Nanoparticle for Cancer Treatment. Artif. Cell Nanomedicine, Biotechnol. 46, 1095–1110. doi:10.1080/21691401.2017.1376675
 Agemy, L., Kotamraju, V. R., Friedmann-Morvinski, D., Sharma, S., Sugahara, K. N., and Ruoslahti, E. (2013). Proapoptotic Peptide-Mediated Cancer Therapy Targeted to Cell Surface P32. Mol. Ther. 21, 2195–2204. doi:10.1038/mt.2013.191
 American College of Obstetricians and Gynecologists practice bulletin no (2019). 202 Summary: Gestational Hypertension and Preeclampsia. Obstet. Gynecol. 133, 211–214. doi:10.1097/AOG.0000000000003019
 American College of Obstetricians and Gynecologists, (2013). Task Force on Hypertension in Pregnancy. Hypertension in Pregnancy. Report of the American College of Obstetricians and Gynecologists’ Task Force on Hypertension in Pregnancy. Obstet. Gynecol. 122, 1122–1131. doi:10.1097/01.AOG.0000437382.03963.88
 Aplin, J. D., and Ruane, P. T. (2017). Embryo-epithelium Interactions during Implantation at a Glance. J. Cell Sci 130, 15–22. doi:10.1242/jcs.175943
 Bajoria, R., and Contractor, S. F. (2011). Effect of the Size of Liposomes on the Transfer and Uptake of Carboxyfluorescein by the Perfused Human Term Placenta. J. Pharm. Pharmacol. 49, 675–681. doi:10.1111/j.2042-7158.1997.tb06091.x
 Baker, J., Liu, J.-P., Robertson, E. J., and Efstratiadis, A. (1993). Role of Insulin-like Growth Factors in Embryonic and Postnatal Growth. Cell 75, 73–82. doi:10.1016/s0092-8674(05)80085-6
 Bamrungsap, S., Zhao, Z., Chen, T., Wang, L., Li, C., Fu, T., et al. (2012). Nanotechnology in Therapeutics: a Focus on Nanoparticles as a Drug Delivery System. Nanomedicine 7, 1253–1271. doi:10.2217/nnm.12.87
 Bawarski, W. E., Chidlowsky, E., Bharali, D. J., and Mousa, S. A. (2008). Emerging Nanopharmaceuticals. Nanomedicine: Nanotechnology, Biol. Med. 4, 273–282. doi:10.1016/j.nano.2008.06.002
 Beards, F., Jones, L. E., Charnock, J., Forbes, K., and Harris, L. K. (2017). Placental Homing Peptide-microRNA Inhibitor Conjugates for Targeted Enhancement of Intrinsic Placental Growth Signaling. Theranostics 7, 2940–2955. doi:10.7150/thno.18845
 Blanco, E., Shen, H., and Ferrari, M. (2015). Principles of Nanoparticle Design for Overcoming Biological Barriers to Drug Delivery. Nat. Biotechnol. 33, 941–951. doi:10.1038/nbt.3330
 Brosens, I., Pijnenborg, R., Vercruysse, L., and Romero, R. (2011). The "Great Obstetrical Syndromes" Are Associated with Disorders of Deep Placentation. Am. J. Obstet. Gynecol. 204, 193–201. doi:10.1016/j.ajog.2010.08.009
 Brown, S. B., Wang, L., Jungels, R. R., and Sharma, B. (2020). Effects of Cartilage-Targeting Moieties on Nanoparticle Biodistribution in Healthy and Osteoarthritic Joints. Acta Biomater. 101, 469–483. doi:10.1016/j.actbio.2019.10.003
 Burns, K., Duggan, B., Atkinson, E. A., Famulski, K. S., Nemer, M., Bleackley, R. C., et al. (1994). Modulation of Gene Expression by Calreticulin Binding to the Glucocorticoid Receptor. Nature 367, 476–480. doi:10.1038/367476a0
 Burton, G. J., Redman, C. W., Roberts, J. M., and Moffett, A. (2019). Pre-eclampsia: Pathophysiology and Clinical Implications. Bmj 366, l2381. doi:10.1136/bmj.l2381
 Caldorera-Moore, M., Vela Ramirez, J. E., and Peppas, N. A. (2019). Transport and Delivery of Interferon-α through Epithelial Tight Junctions via pH-Responsive Poly(methacrylic Acid-Grafted-Ethylene Glycol) Nanoparticles. J. Drug Target. 27, 582–589. doi:10.1080/1061186x.2018.1547732
 Cañas, D., Herrera, E. A., García-Herrera, C., Celentano, D., and Krause, B. J. (2017). Fetal Growth Restriction Induces Heterogeneous Effects on Vascular Biomechanical and Functional Properties in Guinea Pigs (Cavia porcellus). Front. Physiol. 8, 144. doi:10.3389/fphys.2017.00144
 Carr, H., Cnattingius, S., Granath, F., Ludvigsson, J. F., and Edstedt Bonamy, A.-K. (2017). Preterm Birth and Risk of Heart Failure up to Early Adulthood. J. Am. Coll. Cardiol. 69, 2634–2642. doi:10.1016/j.jacc.2017.03.572
 Chappell, L. C., and David, A. L. (2016). Improving the Pipeline for Developing and Testing Pharmacological Treatments in Pregnancy. Plos Med. 13, e1002161. doi:10.1371/journal.pmed.1002161
 Chiang, W.-F., Hwang, T.-Z., Hour, T.-C., Wang, L.-H., Chiu, C.-C., Chen, H.-R., et al. (2013). Calreticulin, an Endoplasmic Reticulum-Resident Protein, Is Highly Expressed and Essential for Cell Proliferation and Migration in Oral Squamous Cell Carcinoma. Oral Oncol. 49, 534–541. doi:10.1016/j.oraloncology.2013.01.003
 Cindrova-Davies, T., Sanders, D. A., Burton, G. J., and Charnock-Jones, D. S. (2011). Soluble FLT1 Sensitizes Endothelial Cells to Inflammatory Cytokines by Antagonizing VEGF Receptor-Mediated Signalling. Cardiovasc. Res. 89, 671–679. doi:10.1093/cvr/cvq346
 Conner, S. D., and Schmid, S. L. (2003). Regulated Portals of Entry into the Cell. Nature 422, 37–44. doi:10.1038/nature01451
 Cureton, N., Korotkova, I., Baker, B., Greenwood, S., Wareing, M., Kotamraju, V. R., et al. (2017). Selective Targeting of a Novel Vasodilator to the Uterine Vasculature to Treat Impaired Uteroplacental Perfusion in Pregnancy. Theranostics 7, 3715–3731. doi:10.7150/thno.19678
 Dimasuay, K. G., Boeuf, P., Powell, T. L., and Jansson, T. (2016). Placental Responses to Changes in the Maternal Environment Determine Fetal Growth. Front. Physiol. 7, 12. doi:10.3389/fphys.2016.00012
 Duncan, R. (2006). Polymer Conjugates as Anticancer Nanomedicines. Nat. Rev. Cancer 6, 688–701. doi:10.1038/nrc1958
 Erlandsson, L., Masoumi, Z., Hansson, L. R., and Hansson, S. R. (2021). The Roles of Free Iron, Heme, Haemoglobin, and the Scavenger Proteins Haemopexin and Alpha‐1‐microglobulin in Preeclampsia and Fetal Growth Restriction. J. Intern. Med. 290, 952–968. doi:10.1111/joim.13349
 Esfand, R., and Tomalia, D. A. (2001). Poly(amidoamine) (PAMAM) Dendrimers: from Biomimicry to Drug Delivery and Biomedical Applications. Drug Discov. Today 6, 427–436. doi:10.1016/s1359-6446(01)01757-3
 Etrych, T., Kovář, L., Strohalm, J., Chytil, P., Říhová, B., and Ulbrich, K. (2011). Biodegradable star HPMA Polymer-Drug Conjugates: Biodegradability, Distribution and Anti-tumor Efficacy. J. Controlled Release 154, 241–248. doi:10.1016/j.jconrel.2011.06.015
 Evseenko, D., Paxton, J. W., and Keelan, J. A. (2006). Active Transport across the Human Placenta: Impact on Drug Efficacy and Toxicity. Expert Opin. Drug Metab. Toxicol. 2, 51–69. doi:10.1517/17425255.2.1.51
 Fant, M., Farina, A., Nagaraja, R., and Schlessinger, D. (2010). PLAC1 (Placenta-specific 1): a Novel, X-Linked Gene with Roles in Reproductive and Cancer Biology. Prenat. Diagn. 30, 497–502. doi:10.1002/pd.2506
 Fenton, O. S., Olafson, K. N., Pillai, P. S., Mitchell, M. J., and Langer, R. (2018). Advances in Biomaterials for Drug Delivery. Adv. Mater. 30, 1705328. doi:10.1002/adma.201705328
 Ferretti, C., Bruni, L., Dangles-Marie, V., Pecking, A. P., and Bellet, D. (2007). Molecular Circuits Shared by Placental and Cancer Cells, and Their Implications in the Proliferative, Invasive and Migratory Capacities of Trophoblasts. Hum. Reprod. Update 13, 121–141. doi:10.1093/humupd/dml048
 Fidler, I. J. (2003). The Pathogenesis of Cancer Metastasis: the 'seed and Soil' Hypothesis Revisited. Nat. Rev. Cancer 3, 453–458. doi:10.1038/nrc1098
 Fogal, V., Zhang, L., Krajewski, S., and Ruoslahti, E. (2008). Mitochondrial/cell-surface Protein p32/gC1qR as a Molecular Target in Tumor Cells and Tumor Stroma. Cancer Res. 68, 7210–7218. doi:10.1158/0008-5472.can-07-6752
 Fonseca-Santos, B., Chorilli, M., and Palmira Daflon Gremião, M. (2015). Nanotechnology-based Drug Delivery Systems for the Treatment of Alzheimer’s Disease. Ijn 10, 4981–5003. doi:10.2147/ijn.s87148
 Ganguly, E., Hula, N., Spaans, F., Cooke, C.-L. M., and Davidge, S. T. (2020). Placenta-targeted Treatment Strategies: An Opportunity to Impact Fetal Development and Improve Offspring Health Later in Life. Pharmacol. Res. 157, 104836. doi:10.1016/j.phrs.2020.104836
 Genbacev, O., and Miller, R. K. (2000). Post-implantation Differentiation and Proliferation of Cytotrophoblast Cells: In Vitro Models-A Review. Placenta 21 (Suppl. A), S45–S49. doi:10.1053/plac.1999.0523
 Glue, P., Fang, J. W., Rouzier-Panis, R., Raffanel, C., Sabo, R., Gupta, S. K., et al. (2000). Pegylated Interferon-Α2b: Pharmacokinetics, Pharmacodynamics, Safety, and Preliminary Efficacy Data. Clin. Pharmacol. Ther. 68, 556–567. doi:10.1067/mcp.2000.110973
 Grafmueller, S., Manser, P., Diener, L., Diener, P.-A., Maeder-Althaus, X., Maurizi, L., et al. (2015). Bidirectional Transfer Study of Polystyrene Nanoparticles across the Placental Barrier in an Ex Vivo Human Placental Perfusion Model. Environ. Health Perspect. 123, 1280–1286. doi:10.1289/ehp.1409271
 Gref, R., Minamitake, Y., Peracchia, M. T., Trubetskoy, V., Torchilin, V., and Langer, R. (1994). Biodegradable Long-Circulating Polymeric Nanospheres. Science 263, 1600–1603. doi:10.1126/science.8128245
 Hammers, A. L., Sanchez-Ramos, L., and Kaunitz, A. M. (2015). Antenatal Exposure to Indomethacin Increases the Risk of Severe Intraventricular Hemorrhage, Necrotizing Enterocolitis, and Periventricular Leukomalacia: a Systematic Review with Metaanalysis. Am. J. Obstet. Gynecol. 212, e1–505. doi:10.1016/j.ajog.2014.10.1091
 He, C., Yue, H., Xu, L., Liu, Y., Song, Y., Tang, C., et al. (2020). siRNA Release Kinetics from Polymeric Nanoparticles Correlate with RNAi Efficiency and Inflammation Therapy via Oral Delivery. Acta Biomater. 103, 213–222. doi:10.1016/j.actbio.2019.12.005
 Hillaireau, H., and Couvreur, P. (2009). Nanocarriers' Entry into the Cell: Relevance to Drug Delivery. Cell. Mol. Life Sci. 66, 2873–2896. Epub 2009 Jun 5. doi:10.1007/s00018-009-0053-z
 Holtan, S. G., Creedon, D. J., Haluska, P., and Markovic, S. N. (2009). Cancer and Pregnancy: Parallels in Growth, Invasion, and Immune Modulation and Implications for Cancer Therapeutic Agents. Mayo Clinic Proc. 84, 985–1000. doi:10.1016/s0025-6196(11)60669-110.4065/84.11.985
 Ives, C. W., Sinkey, R., Rajapreyar, I., Tita, A. T. N., and Oparil, S. (2020). Preeclampsia-Pathophysiology and Clinical Presentations. J. Am. Coll. Cardiol. 76, 1690–1702. doi:10.1016/j.jacc.2020.08.014
 Jauniaux, E., Collins, S., and Burton, G. J. (2018). Placenta Accreta Spectrum: Pathophysiology and Evidence-Based Anatomy for Prenatal Ultrasound Imaging. Am. J. Obstet. Gynecol. 218, 75–87. doi:10.1016/j.ajog.2017.05.067
 Jones, H., Crombleholme, T., and Habli, M. (2014). Regulation of Amino Acid Transporters by Adenoviral-Mediated Human Insulin-like Growth Factor-1 in a Mouse Model of Placental Insufficiency In Vivo and the Human Trophoblast Line BeWo In Vitro. Placenta 35, 132–138. doi:10.1016/j.placenta.2013.11.012
 Jones, H. N., Crombleholme, T., and Habli, M. (2013). Adenoviral-mediated Placental Gene Transfer of IGF-1 Corrects Placental Insufficiency via Enhanced Placental Glucose Transport Mechanisms. PLoS One 8, e74632. doi:10.1371/journal.pone.0074632
 Jose, S. (2019). Transferrin-Conjugated Docetaxel-PLGA Nanoparticles for Tumor Targeting: Influence on MCF-7 Cell Cycle. Polymers 11, 1905. doi:10.3390/polym11111905
 Kang, Y.-J., Lees, M., Matthews, L. C., Kimber, S. J., Forbes, K., and Aplin, J. D. (2015). MiR-145 Suppresses Embryo-Epithelial Juxtacrine Communication at Implantation by Modulating Maternal IGF1R. J. Cell Sci 128, 804–814. doi:10.1242/jcs.164004
 Kannan, R. M., and Kannan, S. (2017). Emerging Nanomedicine Approaches in Obstetrics. Am. J. Obstet. Gynecol. 216, 201–203. doi:10.1016/j.ajog.2017.01.038
 Kannan, R. M., Nance, E., Kannan, S., and Tomalia, D. A. (2014). Emerging Concepts in Dendrimer-Based Nanomedicine: from Design Principles to Clinical Applications. J. Intern. Med. 276, 579–617. doi:10.1111/joim.12280
 Khalin, I., Alyautdin, R., Ismail, N. M., Haron, M. H., and Kuznetsov, D. (2014). Nanoscale Drug Delivery Systems and the Blood–Brain Barrier. Ijn 9, 795–811. doi:10.2147/ijn.s52236
 Kim, B. Y. S., Rutka, J. T., and Chan, W. C. W. (2010). Nanomedicine. N. Engl. J. Med. 363, 2434–2443. doi:10.1056/NEJMra0912273
 King, A., Ndifon, C., Lui, S., Widdows, K., Kotamraju, V. R., Agemy, L., et al. (2016). Tumor-homing Peptides as Tools for Targeted Delivery of Payloads to the Placenta. Sci. Adv. 2, e1600349. doi:10.1126/sciadv.1600349
 Knight, F. C., Gilchuk, P., Kumar, A., Becker, K. W., Sevimli, S., Jacobson, M. E., et al. (2019). Mucosal Immunization with a pH-Responsive Nanoparticle Vaccine Induces Protective CD8+ Lung-Resident Memory T Cells. ACS Nano 13, 10939–10960. doi:10.1021/acsnano.9b00326
 Lager, S., and Powell, T. L. (2012). Regulation of Nutrient Transport across the Placenta. J. Pregnancy 2012, 1–14. doi:10.1155/2012/179827
 Le, Z., Chen, Y., Han, H., Tian, H., Zhao, P., Yang, C., et al. (2018). Hydrogen-Bonded Tannic Acid-Based Anticancer Nanoparticle for Enhancement of Oral Chemotherapy. ACS Appl. Mater. Inter. 10, 42186–42197. doi:10.1021/acsami.8b18979
 Lee, C. C., MacKay, J. A., Fréchet, J. M. J., and Szoka, F. C. (2005). Designing Dendrimers for Biological Applications. Nat. Biotechnol. 23, 1517–1526. doi:10.1038/nbt1171
 Li, L., Li, H., Xue, J., Chen, P., Zhou, Q., and Zhang, C. (2020a). Nanoparticle-Mediated Simultaneous Downregulation of Placental Nrf2 and sFlt1 Improves Maternal and Fetal Outcomes in a Preeclampsia Mouse Model. ACS Biomater. Sci. Eng. 6, 5866–5873. doi:10.1021/acsbiomaterials.0c00826
 Li, L., Yang, H., Chen, P., Xin, T., Zhou, Q., Wei, D., et al. (2020b). Trophoblast-Targeted Nanomedicine Modulates Placental sFLT1 for Preeclampsia Treatment. Front. Bioeng. Biotechnol. 8, 64. doi:10.3389/fbioe.2020.00064
 Lorincz, M. C., and Schübeler, D. (2017). Evidence for Converging DNA Methylation Pathways in Placenta and Cancer. Developmental Cell 43, 257–258. doi:10.1016/j.devcel.2017.10.009
 Lowis, S., Lewis, I., Lewis, I., Elsworth, A., Weston, C., Doz, F., et al. (2006). A Phase I Study of Intravenous Liposomal Daunorubicin (DaunoXome) in Paediatric Patients with Relapsed or Resistant Solid Tumours. Br. J. Cancer 95, 571–580. doi:10.1038/sj.bjc.6603288
 Major, C. A., Lewis, D. F., Harding, J. A., Porto, M. A., and Garite, T. J. (1994). Tocolysis with Indomethacin Increases the Incidence of Necrotizing Enterocolitis in the Low-Birth-Weight Neonate. Am. J. Obstet. Gynecol. 170, 102–106. doi:10.1016/s0002-9378(94)70392-2
 Majzoub, R. N., Ewert, K. K., and Safinya, C. R. (2016). Cationic Liposome-Nucleic Acid Nanoparticle Assemblies with Applications in Gene Delivery and Gene Silencing. Phil. Trans. R. Soc. A. 374, 20150129. doi:10.1098/rsta.2015.0129
 Malek, A., Sager, R., Zakher, A., and Schneider, H. (1995). Transport of Immunoglobulin G and its Subclasses across the In Vitro-perfused Human Placenta. Am. J. Obstet. Gynecol. 173, 760–767. doi:10.1016/0002-9378(95)90336-4
 Matos, P., Horn, J. A., Beards, F., Lui, S., Desforges, M., and Harris, L. K. (2014). A Role for the Mitochondrial-Associated Protein P32 in Regulation of Trophoblast Proliferation. Mol. Hum. Reprod. 20, 745–755. doi:10.1093/molehr/gau039
 McIntyre, K. R., Vincent, K. M. M., Hayward, C. E., Li, X., Sibley, C. P., Desforges, M., et al. (2020). Human Placental Uptake of Glutamine and Glutamate Is Reduced in Fetal Growth Restriction. Sci. Rep. 10, 16197. doi:10.1038/s41598-020-72930-7
 Menezes, V., Malek, A., and A. Keelan, J. (2011). Nanoparticulate Drug Delivery in Pregnancy: Placental Passage and Fetal Exposure. Cpb 12, 731–742. doi:10.2174/138920111795471010
 Menjoge, A. R., Kannan, R. M., and Tomalia, D. A. (2010a). Dendrimer-based Drug and Imaging Conjugates: Design Considerations for Nanomedical Applications. Drug Discov. Today 15, 171–185. doi:10.1016/j.drudis.2010.01.009
 Menjoge, A. R., Navath, R. S., Asad, A., Kannan, S., Kim, C. J., Romero, R., et al. (2010b). Transport and Biodistribution of Dendrimers across Human Fetal Membranes: Implications for Intravaginal Administration of Dendrimer-Drug Conjugates. Biomaterials 31, 5007–5021. doi:10.1016/j.biomaterials.2010.02.075
 Menjoge, A. R., Rinderknecht, A. L., Navath, R. S., Faridnia, M., Kim, C. J., Romero, R., et al. (2011). Transfer of PAMAM Dendrimers across Human Placenta: Prospects of its Use as Drug Carrier during Pregnancy. J. Controlled Release 150, 326–338. doi:10.1016/j.jconrel.2010.11.023
 Mihaly, G. W., and Morgan, D. J. (1983). Placental Drug Transfer: Effects of Gestational Age and Species. Pharmacol. Ther. 23, 253–266. doi:10.1016/0163-7258(83)90015-3
 Mitchell, A. A., Gilboa, S. M., Werler, M. M., Kelley, K. E., Louik, C., and Hernández-Díaz, S. (2011). Medication Use during Pregnancy, with Particular Focus on Prescription Drugs: 1976-2008. Am. J. Obstet. Gynecol. 205, e1–51. doi:10.1016/j.ajog.2011.02.029
 Morton, P. D., Ishibashi, N., and Jonas, R. A. (2017). Neurodevelopmental Abnormalities and Congenital Heart Disease. Circ. Res. 120, 960–977. doi:10.1161/circresaha.116.309048
 Myc, A., Kukowska-Latallo, J., Cao, P., Swanson, B., Battista, J., Dunham, T., et al. (2010). Targeting the Efficacy of a Dendrimer-Based Nanotherapeutic in Heterogeneous Xenograft Tumors In Vivo. Anticancer Drugs 21, 186–192. doi:10.1097/CAD.0b013e328334560f
 Myllynen, P. K., Loughran, M. J., Howard, C. V., Sormunen, R., Walsh, A. A., and Vähäkangas, K. H. (2008). Kinetics of Gold Nanoparticles in the Human Placenta. Reprod. Toxicol. 26, 130–137. doi:10.1016/j.reprotox.2008.06.008
 Najlah, M., and Demanuele, A. (2006). Crossing Cellular Barriers Using Dendrimer Nanotechnologies. Curr. Opin. Pharmacol. 6, 522–527. doi:10.1016/j.coph.2006.05.004
 Najlah, M., Freeman, S., Attwood, D., and D’Emanuele, A. (2007). In Vitro evaluation of Dendrimer Prodrugs for Oral Drug Delivery. Int. J. Pharmaceutics 336, 183–190. doi:10.1016/j.ijpharm.2006.11.047
 Napso, T., Yong, H. E. J., Lopez-Tello, J., and Sferruzzi-Perri, A. N. (2018). The Role of Placental Hormones in Mediating Maternal Adaptations to Support Pregnancy and Lactation. Front. Physiol. 9, 1091. doi:10.3389/fphys.2018.01091
 Nel, A. E., Mädler, L., Velegol, D., Xia, T., Hoek, E. M. V., Somasundaran, P., et al. (2009). Understanding Biophysicochemical Interactions at the Nano-Bio Interface. Nat. Mater 8, 543–557. doi:10.1038/nmat2442
 Palmerston Mendes, L., Pan, J., and Torchilin, V. (2017). Dendrimers as Nanocarriers for Nucleic Acid and Drug Delivery in Cancer Therapy. Molecules 22, 1401. doi:10.3390/molecules22091401
 Park, J. W. (2002). Liposome-based Drug Delivery in Breast Cancer Treatment. Breast Cancer Res. 4, 95–99. doi:10.1186/bcr432
 Peer, D., Karp, J. M., Hong, S., Farokhzad, O. C., Margalit, R., and Langer, R. (2007). Nanocarriers as an Emerging Platform for Cancer Therapy. Nat. Nanotech 2, 751–760. doi:10.1038/nnano.2007.387
 Phillips, T. J., Scott, H., Menassa, D. A., Bignell, A. L., Sood, A., Morton, J. S., et al. (2017). Treating the Placenta to Prevent Adverse Effects of Gestational Hypoxia on Fetal Brain Development. Sci. Rep. 7, 9079. doi:10.1038/s41598-017-06300-1
 Pijnenborg, R., Vercruysse, L., and Hanssens, M. (2006). The Uterine Spiral Arteries in Human Pregnancy: Facts and Controversies. Placenta 27, 939–958. doi:10.1016/j.placenta.2005.12.006
 Powe, C. E., Levine, R. J., and Karumanchi, S. A. (2011). Preeclampsia, a Disease of the Maternal Endothelium. Circulation 123, 2856–2869. doi:10.1161/circulationaha.109.853127
 Pritchard, N., Kaitu’u-Lino, T. u., Harris, L., Tong, S., and Hannan, N. (2021). Nanoparticles in Pregnancy: the Next Frontier in Reproductive Therapeutics. Hum. Reprod. Update 27, 280–304. doi:10.1093/humupd/dmaa049
 Rana, S., Lemoine, E., Granger, J. P., and Karumanchi, S. A. (2019). Preeclampsia. Circ. Res. 124, 1094–1112. doi:10.1161/circresaha.118.313276
 Rawn, S. M., and Cross, J. C. (2008). The Evolution, Regulation, and Function of Placenta-specific Genes. Annu. Rev. Cell Dev. Biol. 24, 159–181. doi:10.1146/annurev.cellbio.24.110707.175418
 Redman, C. W. G. (1992). 10 Immunological Aspects of Pre-eclampsia. Baillière's Clin. Obstet. Gynaecol. 6, 601–615. doi:10.1016/s0950-3552(05)80012-4
 Rosen, O., Müller, H. J., Gökbuget, N., Langer, W., Peter, N., Schwartz, S., et al. (2003). Pegylated Asparaginase in Combination with High-Dose Methotrexate for Consolidation in Adult Acute Lymphoblastic Leukaemia in First Remission: a Pilot Study. Br. J. Haematol. 123, 836–841. doi:10.1046/j.1365-2141.2003.04707.x
 Ruane, P. T., Berneau, S. C., Koeck, R., Watts, J., Kimber, S. J., Brison, D. R., et al. (2017). Apposition to Endometrial Epithelial Cells Activates Mouse Blastocysts for Implantation. Mol. Hum. Reprod. 23, 617–627. doi:10.1093/molehr/gax043
 Ruoslahti, E., Bhatia, S. N., and Sailor, M. J. (2010). Targeting of Drugs and Nanoparticles to Tumors. J. Cell Biol 188, 759–768. doi:10.1083/jcb.200910104
 Sabbatini, P., Aghajanian, C., Dizon, D., Anderson, S., Dupont, J., Brown, J. V., et al. (2004). Phase II Study of CT-2103 in Patients with Recurrent Epithelial Ovarian, Fallopian Tube, or Primary Peritoneal Carcinoma. Jco 22, 4523–4531. doi:10.1200/jco.2004.12.043
 Sarfraz, M., Afzal, A., Yang, T., Gai, Y., Raza, S., Khan, M., et al. (2018). Development of Dual Drug Loaded Nanosized Liposomal Formulation by A Reengineered Ethanolic Injection Method and its Pre-clinical Pharmacokinetic Studies. Pharmaceutics 10, 151. doi:10.3390/pharmaceutics10030151
 Saunders, M. (2009). Transplacental Transport of Nanomaterials. WIREs: Nanmed Nanobiotech 1, 671–684. doi:10.1002/wnan.53
 Sedighi, M., Sieber, S., Rahimi, F., Shahbazi, M.-A., Rezayan, A. H., Huwyler, J., et al. (2019). Rapid Optimization of Liposome Characteristics Using a Combined Microfluidics and Design-Of-experiment Approach. Drug Deliv. Transl. Res. 9, 404–413. doi:10.1007/s13346-018-0587-4
 Sercombe, L., Veerati, T., Moheimani, F., Wu, S. Y., Sood, A. K., and Hua, S. (2015). Advances and Challenges of Liposome Assisted Drug Delivery. Front. Pharmacol. 6, 286. doi:10.3389/fphar.2015.00286
 Sharma, D., Shastri, S., and Sharma, P. (2016). Intrauterine Growth Restriction: Antenatal and Postnatal Aspects. Clin. Med. Insights Pediatr. 10, CMPed.S40070–83. doi:10.4137/CMPed.S40070
 Shi, Z., Hou, W., Hua, X., Zhang, X., Liu, X., Wang, X., et al. (2012). Overexpression of Calreticulin in Pre-eclamptic Placentas: Effect on Apoptosis, Cell Invasion and Severity of Pre-eclampsia. Cell Biochem Biophys 63, 183–189. doi:10.1007/s12013-012-9350-5
 Smith, Z. D., Shi, J., Gu, H., Donaghey, J., Clement, K., Cacchiarelli, D., et al. (2017). Epigenetic Restriction of Extraembryonic Lineages Mirrors the Somatic Transition to Cancer. Nature 549, 543–547. doi:10.1038/nature23891
 Sood, B. G., Lulic-Botica, M., Holzhausen, K. A., Pruder, S., Kellogg, H., Salari, V., et al. (2011). The Risk of Necrotizing Enterocolitis after Indomethacin Tocolysis. Pediatrics 128, e54–e62. doi:10.1542/peds.2011-0265
 Strand, M. S., Krasnick, B. A., Pan, H., Zhang, X., Bi, Y., Brooks, C., et al. (2019). Precision Delivery of RAS-Inhibiting siRNA to KRAS Driven Cancer via Peptide-Based Nanoparticles. Oncotarget 10, 4761–4775. doi:10.18632/oncotarget.27109
 Suarez, V. R., Thompson, L. L., Jain, V., Olson, G. L., Hankins, G. D. V., Belfort, M. A., et al. (2002). The Effect of In Utero Exposure to Indomethacin on the Need for Surgical Closure of a Patent Ductus Arteriosus in the Neonate. Am. J. Obstet. Gynecol. 187, 886–888. doi:10.1067/mob.2002.127464
 Sugahara, K. N., Teesalu, T., Karmali, P. P., Kotamraju, V. R., Agemy, L., Girard, O. M., et al. (2009). Tissue-penetrating Delivery of Compounds and Nanoparticles into Tumors. Cancer Cell 16, 510–520. doi:10.1016/j.ccr.2009.10.013
 Suk, J. S., Xu, Q., Kim, N., Hanes, J., and Ensign, L. M. (2016). PEGylation as a Strategy for Improving Nanoparticle-Based Drug and Gene Delivery. Adv. Drug Deliv. Rev. 99, 28–51. doi:10.1016/j.addr.2015.09.012
 Sutherland, A. E., Calarco, P. G., and Damsky, C. H. (1993). Developmental Regulation of Integrin Expression at the Time of Implantation in the Mouse Embryo. Development 119, 1175–1186. doi:10.1242/dev.119.4.1175
 Svenson, S., and Tomalia, D. (2005). Dendrimers in Biomedical Applications-Reflections on the Field. Adv. Drug Deliv. Rev. 57, 2106–2129. doi:10.1016/j.addr.2005.09.018
 Syme, M. R., Paxton, J. W., and Keelan, J. A. (2004). Drug Transfer and Metabolism by the Human Placenta. Clin. Pharmacokinet. 43, 487–514. doi:10.2165/00003088-200443080-00001
 Tal, R., Shaish, A., Barshack, I., Polak-Charcon, S., Afek, A., Volkov, A., et al. (2010). Effects of Hypoxia-Inducible Factor-1α Overexpression in Pregnant Mice. Am. J. Pathol. 177, 2950–2962. doi:10.2353/ajpath.2010.090800
 Troja, W., Kil, K., Klanke, C., and Jones, H. N. (2014). Interaction between Human Placental Microvascular Endothelial Cells and a Model of Human Trophoblasts: Effects on Growth Cycle and Angiogenic Profile. Physiol. Rep. 2, e00244. doi:10.1002/phy2.244
 Vafaei-Pour, Z., Shokrzadeh, M., Jahani, M., and Shaki, F. (2018). Embryo-Protective Effects of Cerium Oxide Nanoparticles against Gestational Diabetes in Mice. Iran J. Pharm. Res. 17, 964–975.
 Valero, L., Alhareth, K., Espinoza Romero, J., Viricel, W., Leblond, J., Chissey, A., et al. (2018). Liposomes as Gene Delivery Vectors for Human Placental Cells. Molecules 23, 1085. doi:10.3390/molecules23051085
 Valero, L., Alhareth, K., Gil, S., Simasotchi, C., Roques, C., Scherman, D., et al. (2017). Assessment of Dually Labelled PEGylated Liposomes Transplacental Passage and Placental Penetration Using a Combination of Two Ex-Vivo Human Models: the Dually Perfused Placenta and the Suspended Villous Explants. Int. J. Pharmaceutics 532, 729–737. doi:10.1016/j.ijpharm.2017.07.076
 Vanderpuye, O. A., Labarrere, C. A., and McIntyre, J. A. (1991). A Vitronectin-Receptor-Related Molecule in Human Placental brush Border Membranes. Biochem. J. 280 (Pt 1), 9–17. doi:10.1042/bj2800009
 Vermillion, S. T., Scardo, J. A., Lashus, A. G., and Wiles, H. B. (1997). The Effect of Indomethacin Tocolysis on Fetal Ductus Arteriosus Constriction with Advancing Gestational Age. Am. J. Obstet. Gynecol. 177, 256–261. discussion 259-61. doi:10.1016/s0002-9378(97)70184-4
 Vidmar, J., Loeschner, K., Correia, M., Larsen, E. H., Manser, P., Wichser, A., et al. (2018). Translocation of Silver Nanoparticles in Theex Vivohuman Placenta Perfusion Model Characterized by Single Particle ICP-MS. Nanoscale 10, 11980–11991. doi:10.1039/c8nr02096e
 Volpatti, L. R., Matranga, M. A., Cortinas, A. B., Delcassian, D., Daniel, K. B., Langer, R., et al. (2020). Glucose-Responsive Nanoparticles for Rapid and Extended Self-Regulated Insulin Delivery. ACS Nano 14, 488–497. doi:10.1021/acsnano.9b06395
 Waisman, D. M., Salimath, B. P., and Anderson, M. J. (1985). Isolation and Characterization of CAB-63, a Novel Calcium-Binding Protein. J. Biol. Chem. 260, 1652–1660. doi:10.1016/s0021-9258(18)89644-2
 Wang, X.-W., Gu, J.-Y., Li, Z., Song, Y.-F., Wu, W.-S., and Hou, Y.-P. (2010). Gestational Age and Dose Influence on Placental Transfer of 63Ni in Rats. Placenta 31, 305–311. doi:10.1016/j10.1016/j.placenta.2010.01.015
 Wilson, R. L., Owens, K., Sumser, E. K., Fry, M. V., Stephens, K. K., Chuecos, M., et al. (2020). Nanoparticle Mediated Increased Insulin-like Growth Factor 1 Expression Enhances Human Placenta Syncytium Function. Placenta 93, 1–7. doi:10.1016/j.placenta.2020.02.006
 Wolinsky, J., and Grinstaff, M. (2008). Therapeutic and Diagnostic Applications of Dendrimers for Cancer Treatment☆. Adv. Drug Deliv. Rev. 60, 1037–1055. doi:10.1016/j.addr.2008.02.012
 Xu, J., Luft, J. C., Yi, X., Tian, S., Owens, G., Wang, J., et al. (2013). RNA Replicon Delivery via Lipid-Complexed PRINT Protein Particles. Mol. Pharmaceutics 10, 3366–3374. doi:10.1021/mp400190z
 Xu, L., Zhang, H., and Wu, Y. (2014). Dendrimer Advances for the central Nervous System Delivery of Therapeutics. ACS Chem. Neurosci. 5, 2–13. doi:10.1021/cn400182z
 Yang, H., Sun, C., Fan, Z., Tian, X., Yan, L., Du, L., et al. (2012). Effects of Gestational Age and Surface Modification on Materno-Fetal Transfer of Nanoparticles in Murine Pregnancy. Sci. Rep. 2, 847. doi:10.1038/srep00847
 Yu, J., Jia, J., Guo, X., Chen, R., and Feng, L. (2017). Modulating Circulating sFlt1 in an Animal Model of Preeclampsia Using PAMAM Nanoparticles for siRNA Delivery. Placenta 58, 1–8. doi:10.1016/j.placenta.2017.07.360
 Zhang, B., Tan, L., Yu, Y., Wang, B., Chen, Z., Han, J., et al. (2018). Placenta-specific Drug Delivery by Trophoblast-Targeted Nanoparticles in Mice. Theranostics 8, 2765–2781. doi:10.7150/thno.22904
 Zhang, C.-x., Cheng, Y., Liu, D.-z., Liu, M., Cui, H., Zhang, B.-l., et al. (2019). Mitochondria-targeted Cyclosporin A Delivery System to Treat Myocardial Ischemia Reperfusion Injury of Rats. J. Nanobiotechnol 17, 18. doi:10.1186/s12951-019-0451-9
 Zhang, L., Beatty, A., Lu, L., Abdalrahman, A., Makris, T. M., Wang, G., et al. (2020). Microfluidic-assisted Polymer-Protein Assembly to Fabricate Homogeneous Functionalnanoparticles. Mater. Sci. Eng. C 111, 110768. doi:10.1016/j.msec.2020.110768
 Zhou, Y., Fisher, S. J., Janatpour, M., Genbacev, O., Dejana, E., Wheelock, M., et al. (1997). Human Cytotrophoblasts Adopt a Vascular Phenotype as They Differentiate. A Strategy for Successful Endovascular Invasion?J. Clin. Invest. 99, 2139–2151. doi:10.1172/jci119387
 Zylberberg, C., and Matosevic, S. (2016). Pharmaceutical Liposomal Drug Delivery: a Review of New Delivery Systems and a Look at the Regulatory Landscape. Drug Deliv. 23, 3319–3329. doi:10.1080/10717544.2016.1177136
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Jiang, Li, Zhu, Zhou, Yu, Zhou and Sun. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbioe-10-845779-g005.gif





OPS/images/fbioe-10-845779-t001.jpg
> Pre-edampsia
> classically, new-onset hypertension, =20 weeks' gestation in association with:
> i. Proteinuria - = 300 mg per day or protein/creatinine ratio 30 mg/mmol
(0.3 mg/mg)

> ii. Other maternal organ dysfunction including:

> Acute kidney injury

> Liver involvement

> Neurological compiications

> Haematological compiications

> iii. Uteroplacental dysfunction

Intrauterine Growth Retardation

> Early FGR:

> In absence of congenital anomalies

> GA < 32 weeks

> AG/EFW <3rd centile or UA-AEDF; o AG/EFW <10th centile combined with UtA-
PI > 95th centile and/or UA-PI > 95th centile

> Late FGR:

> In absence of congenital anomalies

> GA2 32 weeks

> AG/EFW <3rd centile Or at least two out of three of the following:

> 1. AG/EFW <10th centile

> 2. AG/EFW crossing centiles >2 quarties on growth centies®

> 3. GPR <5th centile or UA-PI > 95th centile

“Growth centiles are non-customized centiles. B, systolic blood pressure; AC, fetal
abdominal circumference; AEDF, absent end-diastolic flow; CPR, cerebroplacental ratio;
EFW, estimated foetal weight; GA, gestational age; P, pulsatilty index; UA, umbilical
artery: ULA. uterine artery.
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>Targeting abilty

> Target to the mother, placenta or fetus selectively

> Reduce risks to the fetus and mother

> Increasing efficacy and/or bioavailability of drugs

> Lower concentration

> Reduce the required dose

> Reduce the potential adverse side effects

> Modified easily according to the intention

> Prevent drug degradation and avoid recognition by the immune systems

> Prolong half-life

> Target delivery of drugs to the placenta

> Encapsulate unstable or insoluble therapeutic agents

> Nanoscale properties

> Large surface area to volume ratio

> Capable to load, carry and deliver drugs

> Can be modified and designed to delivery drug through a specific route in the
placenta during pregnancy

> Reduce dosing of drugs and limit the adverse side effects that the mother or fetus
is exposed to
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Treatment

CSA targeting PEG-PLA
NPs containing SN2 and
sisFit-1

PAMAM dendrimer-SiRNA

Tumor horring peptide
coated liposomes containing
IGF-2

Peptide coated liposomes
containing SE175

PEGylated AuNPs

PEGylated AuNPs;
Carboxylated AUNPs

PEGylated AGNPs;
Carboxylated AGNPs

Fluorescently labeled
nonfunctionalized,
carboxylated or amine-
modified polystyrene beads

Liposome encapsulated
carboxyfluorescein

Putative mode
of action

inhibit the expression of Nrf2 and
SFit-1 synchronously

significantly decreased sFit1
secretion

selectively deliver IGF-2to mouse
placenta

significant relaxation of mouse
uterine arteries and human
placental arteries

transplacental transfer of
nanoparticles in perfused human
placenta

different surface modifications
(PEGylated versus carboxylated)
are taken up and cross the
human placental barrier

AgNPs are taken up and cross
the human placenta

the transfer of polystyrene
nanoparticles across the human
placenta

the low molecular-weight,
hydrophilic and polar molecuie
carboxyfluorescein has been
determined across the perfused
human term placenta

Test system
(s)

PAH model mice

HTR-8/SVneo; PE model
mice

placenta-specific PO
knockout mice (PO mice)

endothelial nitric oxide
synthase knockout
(eNOS-/-) mice

human placenta

in a static human in vitro
co-culture placenta
model and the dynamic
human ex vivo placental
perfusion model

in the human ex vivo
placenta perfusion
model

human placenta

human term placenta

Dosing regime

1 mg/kg in T-NPSINI2 &
SISFTL1 group; 2 mg/kg
in T-NPsiNI2 and

T-NPSISFTL1 groups; IV
0.3 mg/kg sFitt sIRNA at
an N/P ratio of 10:1; IV

- 03 mg/kg; IV

0.44 mg/kg; V

2.0 x 10°-7.9x10""
NPs/mi

25 pg/mi

PEGylated AgNPs
(2-15 nm; 40 pg/mi) &
carboxylated AgNPs

25 pg/ml

20nM

Main outcomes
of treatment
(compared to
appropriate control)

Decreased circulating Nrf2
and sFit-1 in vivo, and
improved pregnancy
outcomes

Decreased circulating sFit-
1 in vivo, and improved
pregnancy outcomes.

Increased mean placental
weight and improved fetal
weight distribution in
healthy and FGR mice
respectively

Increased fetal weight and
improved placental
efficiency

AUNPs detected in
placental tissue; mainly ST
and CT layer, not in
endothelium of fetal
capilaries

AuNPs mostly found
attached to/in the outer ST
layer; PEGylated AUNPs
penetrated deeper into the
tissue

Mass concentration of Ag
fraction that accumulated
in the placenta

Fluorescent amine-
modified particles found in
the ST and the villous
mesenchyme

Small (15.2 + 1.6%)

Large (3.0 + 0.4%)
Muttilamellar (1.3 +0.3%) of
initial dose
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