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Ovarian cancer is among the leading causes of gynecological cancer-related mortality worldwide. Early and accurate diagnosis and an effective treatment strategy are the two primary means of improving the prognosis of patients with ovarian cancer. The development of targeted nanomaterials provides a potentially efficient strategy for ovarian cancer theranostics. Aptamer nanomaterials have emerged as promising nanoplatforms for accurate ovarian cancer diagnosis by recognizing relevant biomarkers in the serum and/or on the surface of tumor cells, as well as for effective ovarian cancer inhibition via target protein blockade on tumor cells and targeted delivery of various therapeutic agents. In this review, we summarize recent advances in aptamer nanomaterials as targeted theranostic platforms for ovarian cancer and discusses the challenges and opportunities for their clinical application. The information presented in this review represents a valuable reference for creation of a new generation of aptamer nanomaterials for use in the precise detection and treatment of ovarian cancer.
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1 INTRODUCTION
Ovarian cancer is a severe malignant gynecological tumor with high incidence, that frequently results in fatality (Sung et al., 2021). According to the most recent data, based on new cancer cases and deaths assessed by the American Cancer Society in 2021 (Siegel et al., 2021), 13,770 of 21,410 patients with ovarian cancer died, accounting for approximately 5% of all malignant tumors, making ovarian cancer the second most common, but the most deadly, malignancy of the female reproductive system. The low survival rate of patients with ovarian cancer is thought to be due to the high rate of diagnosis at advanced disease stages. Therefore, early diagnosis will be key to improving the prognosis of patients with ovarian cancer.
Ovarian cancer diagnosis and stage can significantly influence patient survival rates. Women diagnosed with advanced invasive epithelial ovarian cancer (Stage III or IV) have a mean 5-year survival rate of <20%. In contrast, the mean 5-year survival rate for those with early diagnosis (Stage I) is >90% (Menon et al., 2018). Clearly, ovarian cancer outcomes have great potential to benefit from screening; if an effective screening method for ovarian cancer could be found, hundreds of thousands of women’s lives could be saved each year.
Three techniques, detection of the blood tumor marker, carbohydrate antigen 125 (CA125), computed tomography (CT) imaging, and transvaginal ultrasound, are applied in the clinic to detect ovarian cancer; however, these approaches are insufficient for early detection of ovarian cancer, due to lack of sensitivity and specificity. In addition, high costs and unclear detection sites can lead to late diagnosis. Hence, more effective and safer approaches for early detection of ovarian cancer are desperately needed.
For ovarian cancer therapy, the primary treatment modalities consist of surgery, chemotherapy, radiotherapy, molecular targeted therapy, and immunotherapy. Notably, there is a correlation between these different treatment modalities and various disease stages, depending on clinical criteria (Jessmon et al., 2017). Patients with early-stage ovarian cancer are enrolled in clinical trials for radiation therapy and chemotherapy. For patients with advanced-stage cancer, surgery is the first-line treatment for tumors >1 cm. Following surgery, platinum-based active drugs are administered intravenously or intraperitoneally. In general, surgery combined with platinum-based chemotherapy is the basic approach used; however, it has several deficiencies, including insufficient targeting of late metastasis and the undesired side effects of chemotherapy agents (Li and Xie, 2017; Alizadeh et al., 2020). In addition, the majority of patients with advanced cancer relapse within 18 months (Jayson et al., 2014). Further, almost all patients will develop resistance to chemotherapy, eventually leading to death. Thus, more focused therapies are urgently needed to reduce side effects and overcome drug resistance.
Nanomaterials, especially those decorated with various target ligands, have been proven effective in enhancing cancer theranostics efficacy, because of their numerous advantages, including non-toxicity, biocompatibility, biodegradability, and non-inflammatory effects. Nanomedicines are designed to prolong circulation time, target transport and control the release of tumor vascular system blockers to inhibit angiogenesis, vascular rupture and vascular infarction. They are used as a new therapy for various solid tumors (Chen et al., 2020; Zhao et al., 2021). The delivery pathway of nanomedicine system usually consists of five steps, including circulation, accumulation, penetration, internalization and release (Zhang et al., 2020; Wei et al., 2021). Traditional nanomedicines typically fail to complete all five of these steps.
Aptamers are often used in combination with nanomaterials, also referred to as chemical antibodies, are single-stranded deoxyribonucleic acid (DNA) or ribonucleic acid (RNA) sequences screened by Systematic Evolution of Ligands by Exponential Enrichment (SELEX) technology for high affinity, targeting, and specificity, which can bind to their targets through three-dimensional folding (Zhang et al., 2019; Hosseinzadeh and Mazloum-Ardakani, 2020). Aptamers have broad prospects for application in clinical diagnosis and treatment because of their unique advantages, such as small size, low molecular weight, simple synthesis, easy modification, low manufacturing cost, convenient storage and transportation, lack of inter-batch variability, and high thermal stability, as well as low immunogenicity and toxicity (Zhang et al., 2019; Xie et al., 2021). Hence, emerging aptamer nanomaterials represent promising nanoplatforms for accurate ovarian cancer diagnosis by recognizing ovarian cancer biomarkers in the serum and/or on the surface of tumor cells. Aptamers may also be applied for effective ovarian cancer inhibition via blockade of target proteins on tumor cells and/or targeted delivery of various therapeutic agents. In this review, we provide an overview of the recent development and application of aptamers and aptamer-nanoparticle conjugates for the diagnosis and treatment of ovarian cancer.
2 APTAMER NANOMATERIALS FOR DIAGNOSIS OF OVARIAN CANCER
Aptasensors are a class of biometric technology-based biosensors. When combined with aptamers, aptasensors can convert biological interactions into readable signals that can be easily processed and reported. The specificity of aptamers is equal, or sometimes even better, to that of antibodies. Due to improvements in SELEX technology and in their preparation and synthesis, aptamers have been widely used as biological receptors of biosensors (Hosseinzadeh and Mazloum-Ardakani, 2020). Various aptasensors have been developed using multiple transduction technologies. In this section, we summarize the findings of studies using histological and immunohistochemistry analysis, fluorescent aptasensors, electrochemical aptasensors, aptasensor biosensor probes, and field-effect transistor (FET) sensors to identify ovarian cancer biomarkers (Table 1).
TABLE 1 | Applications of aptamers in the diagnosis of ovarian cancer.
[image: Table 1]2.1 Aptasensors for Detection of Ovarian Cancer Biomarkers
Biomarkers play increasingly essential roles in diagnosing and treating epithelial ovarian cancer. Among them, CA125 is the biomarker most widely used in the clinic. CA125 can be detected using a variety of techniques, including immunoradiometric analysis, enzyme-linked immunosorbent assay (ELISA), photoluminescence (PL), electrochemiluminescence, chemiluminescence, piezoelectric biosensors, and electrochemical biosensors. Although these methods are broadly applied, they all have one or more disadvantages, including long analysis time, complex experimental process, and hyposensitivity, which impact the efficiency of early ovarian cancer diagnosis (Shen et al., 2021).
To improve the effectiveness of CA125 detection, one study reported an ssDNA aptamer with great potential for CA125 detection and specific targeting (Tripathi et al., 2020). In this investigation, membrane SELEX and translational bioinformatics technologies were applied to design aptamers for specific capture of the CA125 biomarker, and competitive nucleic acid cross-flow analysis at different sample concentrations demonstrated its diagnostic potential. Nevertheless, this single-screening approach is a limitation for clinical application, since elevated serum CA125 levels are also observed in other physiological conditions, including menstruation and pregnancy, or pathological conditions, such as endometriosis and peritonitis (Tripathi et al., 2020). To address this problem, some studies have combined CA125 with other biomarkers to improve the early diagnosis rate. For example, Wang et al. reported that detection of CA125 combined with stress-induced phosphorylated protein 1 (STIP1) can increase the effectiveness of early screening for ovarian cancer (Wang et al., 2010). Using the same biomarkers, Cai and Gong’s team successfully developed an aptasensor to simultaneously quantify CA125 and STIP1 concentrations using resonance light scattering (RLS) technology (Chen F et al., 2017). A fluorescence sensor was prepared using CA125 aptamer labeled with carboxyl fluorescein (FAM) and cyanine-5-modified STIP1 aptamer on a reduced graphene oxide (RGO) surface. Hybridization between CA125 aptamer and STIP1 aptamer leads to interaction between methyl violet and dsDNA to generate the RLS sensor. A fluorescence sensor was used to determine the aptamer specificity, which depends on combination of the RGO surface with the aptamer, to prove the stringency of this RLS-based aptamer sensor for simultaneous detection of CA125 and STIP1. These sensors exhibited excellent performance for detection of CA125 and STIP1, and the study provided solid evidence for early ovarian cancer detection, supporting the further exploration of alternative aptamer-based detection methods (Figure 1).
[image: Figure 1]FIGURE 1 | Schematic illustration of aptamer detection of CA125 and STIP1. (A) (i) aptamer-based fluorescence sensor and (ii) aptamer-based RLS sensor. (B) Fluorescence intensity of FAM-labeled CA125 aptamer. (C) Specific detection of aptamers.
In addition to CA125, human epidermal growth factor receptor 2 (HER2) is used as a biomarker for ovarian cancer screening (Cho et al., 2003). HER2 is a receptor located on the surface of cells involved in the regulation of cell functions such as proliferation, differentiation, migration, and survival protein expression (Amano et al., 2019).
The degree of HER2 expression influences the choice of treatment method and patient prognosis, and HER2 is highly expressed in ovarian cancer. Advances in the study of trastuzumab (a humanized monoclonal antibody against HER2) in breast cancer have aroused research interest in this field, leading to rapid development of specific antibodies, dimerization inhibitors, and kinase inhibitors targeting HER2. HER2 is also targeted for delivery of antitumor medicines and imaging agents. For example, Zhu et al. designed DNA aptamers targeting HER2 (named heraptamers) to image HER2, by a combination of in vitro and in vivo screening (Zhu et al., 2017). Candidate aptamers screened by SELEX were selected and verified in vitro using the extracellular region of HER2 and HER2-positive SKOV3 cells. Further, in vivo imaging results showed that Heraptamer1 and Heraptamer2 have potential for future application in HER2 imaging. At present, the function of HER2 in ovarian cancer remains unclear, nor has its role in breast cancer been fully elucidated.
The programmed cell death 1 (PD-1)/programmed cell death 1 ligand 1 (PD-L1) signaling pathway has inhibitory effects in T cell immunity. Blocking the interaction between PD-L1 and its receptor, PD-1, and inhibiting T cell responses has proven effective as immunotherapy for several cancers. PD-1 is an immunosuppressive molecule of the CD28/cytotoxic T lymphocyte antigen 4 (CTLA-4) family that is widely expressed on activated T cells, B cells, antigen-presenting cells, and macrophages. T cells secrete IL-10 and IFN-γ, which induce CTLA ligand and PD-1 expression on ovarian cancer cells (Li and Wang, 2020). The aptamer, Apt5, identified by protein-SELEX, shows high affinity and selectivity towards PD-L1 (Yazdian-Robati et al., 2017) and has excellent potential for use in early detection of PD-L1 positive cancers.
In addition to common biomarkers, tumor heterogeneity leads to expression of various unknown biomarkers on the tumor surface. Thus, advanced techniques, such as whole cell-SELEX, have been developed to screen for tumor-specific aptamers. For example, researchers used whole cell-SELEX to identify seven aptamers that can target tumor cells by binding to specific receptors, three of which were analyzed in detail (Benedetto et al., 2015). These aptamers can bind to the ovarian cancer cell line, Caov-3, with high affinity and selectivity, but not to non-malignant epithelial cells, and have great potential for future application in the early diagnosis of ovarian cancer and targeted transport of chemotherapy drugs.
Aptamers can also be used to identify drug-resistant cells by specific recognition of glycoproteins on the surface of cancer cells. For example, He et al. used cell-SELEX to generate two DNA aptamers, HF3–58 and HA5–68, which could successfully target A2780T, a paclitaxel-resistant epithelial ovarian cancer cell line (He et al., 2019). Two different ovarian cancer cell glycoproteins can be specifically recognized by these two aptamers, which have a stable structure and high resistance to nuclease, and can reliably detect drug-resistant ovarian cancer cells in human serum (Figure 2).
[image: Figure 2]FIGURE 2 | Schematic illustration of aptamer recognition of drug-resistant cells. (A) Generation of aptamers targeting A2780T cells by cell-SELEX. (B) Structure prediction and structural optimization of aptamers: (i) HF3−58 and (ii) HA5−68. (iii,iv) Binding curves of aptamers to A2780T cells. (C) Binding capacity of HF3−58 and HA5-68 to A2780T cells.
Recently, researchers have developed an integrated microfluidic system for automatic immunohistochemical staining based on aptamers and antibodies, and selected the aptamer, TX-01, labeled with 5′ biotin, as a capture probe for ovarian cancer detection (Hung et al., 2018). This system has relatively low costs, in terms of both time and reagents. In addition, it can process multiple samples simultaneously, significantly improving detection efficiency and reducing costs, and it is anticipated that it will become a tool for diagnosis of ovarian cancer (Huang et al., 2020).
2.1.1 Fluorescent Aptasensors
Fluorescence-based detection methods have already become the most extensively used sensing technique, due to the convenience of optical signal transduction, and the wide availability and varying spectral characteristics of fluorescent tags. Various fluorescence-based detection platforms have been designed for different applications, including aptasensors (Khan et al., 2020). For example, Bayat et al. applied fluorescence technology to aptasensors. They isolated a single-strand DNA aptamer (Apt928) by SELEX technology to recognize the overexpression of CD70 on tumor cell lines (Bayat et al., 2019). Notably, Apt928 not only bound specifically to CD70, but also blocked the interaction of CD70 with its corresponding receptor, CD27. Fluorescent Apt928 aptamer sensor tagged with ATTO674N could rapidly and accurately detect SKOV-3 cells as CD70-positive. Similarly, another study confirmed that a ssDNA aptamer (rCAA-8) with a high affinity for CA125 could differentiate CA125-positive cells (OVCAR-3) by fluorescence imaging, as well as CA125-negative cells (SKOV3) (Gedi et al., 2018). In this investigation, CA125-specific antibody was placed on three-dimensional carbon nanotube networks (3DN-CNTs), because of their excellent mechanical, electrical, and chemical properties. CNT arrays on 2D or 3D substrates were more advantageous than systems based on individual CNTs (Seo et al., 2012). Aptamer-based CA125 detection is more sensitive, because it has higher target specificity and surface density, as well as a wider dynamic range for detection of different CA125 concentrations. This aptamer biochip assay will contribute to more sensitive monitoring of CA125 (Figure 3).
[image: Figure 3]FIGURE 3 | Schematic illustration of the fluorescent aptamers used to determine CA125 concentration. (A) The process of detecting CA125 using an antibody-aptamer on 3DN-CNT. (B) Microscopic fluorescence images from rCAA-8-FAM/3DN-CNTs. (C) Fluorescence intensity corresponding to the concentration of CA125 detected by different platforms. (D) Standard curve from conventional ELISA to determine CA125 concentration.
Sandwich aptamer microarray assays have improved specificity and sensitivity relative to the single affinity ligand assay approach (Dai et al., 2008). Further, due to the ease of availability of fluorescent conjugates and the necessary equipment, sandwich aptamer microarrays have become the most frequently employed assays (Hamd-Ghadareh et al., 2017). For example, Hamd-Ghadareh et al. designed an antibody-ssDNA aptamer to detect CA125 (Hamd-Ghadareh et al., 2017). Carbon dots functionalized by aptamers (CD-aptamers) have been used to develop a sandwich assay method. PAMAM-dendrimers/gold nanoparticles (AuNPs) were used covalently attach CA125-antibody. Fluorescence resonance energy transfer (FRET) analysis showed that the intensity of the fluorescence response was correlated with altered CA125 concentration. Further, this immunosensor exhibited good sensitivity for ovarian cells. In addition, the study confirmed low toxicity of the CD probe, and CD-antibody hybridization facilitated selective imaging of the cancer cells. These results suggest the potential for application of this immunosensor as a biosensor and for cancer diagnosis.
To further enhance the accuracy of ovarian cancer detection, Shen et al. developed a method to obtain simultaneous dynamic light scattering (DLS) and fluorescence signals from CA125 polymerase chain reaction (PCR) products. In this approach, an oligonucleotide (oligo 1) containing a CA125 aptamer was designed, along with another complementary oligonucleotide (oligo2) (Dai et al., 2008) for PCR amplification of a new double-stranded DNA template. Single-stranded DNA was generated on both sides of the PCR product, which was then hybridized with an AuNP probe to produce molecules with a sizeable average diameter. AuNPs in DLS probes for biological molecules enormously enhance light scattering intensity, based on their unique size and distance-related optical properties. The presence of CA125 interrupts PCR amplification, so that the average diameter varies with CA125 concentration. This method can overcome the influence of non-specific PCR amplification and DNA contamination. Further, the accuracy of the results can be improved by comparing the simultaneous information obtained from the DLS signal and fluorescence. This method has reasonable specificity for CA125 and prospects for potential application in complex samples. Finally, this method can successfully determine the concentration of CA125 in human serum, and is expected to be used for ovarian cancer diagnosis. Future work based on this method could detect other cancer biomarkers by altering the sequence of the two primers (Shen et al., 2021).
2.1.2 Electrochemical Aptasensors
There are excellent opportunities for application of electrochemical detection in medical diagnosis and environmental monitoring, because of its low cost, ease of use, high sensitivity, and the availability of portable devices. Electrochemical biosensors provide broad prospects for the new era of diagnosis. The functional principle depends on the change of current, impedance or potential in response to the identification event of the sensor (Abd-Ellatief and Abd-Ellatief, 2021). Various materials can be used for electrochemical biosensors; for example, nanomaterials, which can be used to modify the electrode surface and increase the binding properties of biomolecules (Nunna et al., 2019). Due to the excellent properties of nanomaterials such as carbon nanotubes and graphene, electrochemical nanobiosensors with shallow detection limits are under development (Hammond et al., 2016). In addition, aptamer nanomaterials have been applied to electrochemical aptasensors because of their specific binding to aptamer target molecules, which helps to improve detection selectivity. A good example of the application of aptamers in electrochemical sensors is described by Chen et al., who developed an electrochemical aptasensing platform for CA125 detection (Chen et al., 2019). They electrodeposited flower-like gold nanostructures on a screen-printed carbon electrode, which can increase the sensor surface, to facilitate assembly of more hairpin probe 1 (the toehold-containing hairpin probe labeled with 5′-SH), and increase the accessibility for DNA strands. This method was proven to be specific and stable.
To further amplify the detection signal and improve the sensitivity of CA125 detection, Farzin et al. described a biosensing nanoplatform based on amidoxime-modified nanofibers and decorated with Ag nanoparticles (AgNPs-PAN-oxime NFs) (Farzin et al., 2019). The nanoplatform applied on cDNA double-strand aptamers and a target-induced strand shift recognition mechanism. This nanoplatform, with an electrochemical aptamer sensor, was proposed to amplify the signal to facilitate sensitive detection of CA125. The selectivity of anti CA125 aptamers highlights the high selectivity of this approach for detecting tumor markers and the results of testing for serum CA125 revealed the potential application value of aptasensors (Figure 4).
[image: Figure 4]FIGURE 4 | Schematic illustration of electrochemical aptamers used to determine CA125 concentration. (A) The electrospinning setup. (B) Preparation and response mechanism of electrochemical aptasensors. (C) SEM image of AgNP-doped electrospun PAN-oxime nanofibers. (D) EDX spectrum of AgNP-doped electrospun PAN-oxime nanofibers. (E) Potential-based current responses of the electrochemical aptamer. (F) Calibration curve of the electrochemical aptamer.
As discussed above, sandwich immunoassays comprise two antibodies (capture and detection) that provide higher specificity and sensitivity relative to single affinity ligand assays. Similar to fluorescent sandwich aptasensor technology, Sadasivam et al., used DNA aptamers and monoclonal antibodies to form a sandwich assay to develop an electrochemical biosensor for CA125 detection (Sadasivam et al., 2020). CA125 was explicitly captured from biological samples using monoclonal antibody binding magnetic beads then transferred to the electrode. The immunochemical interaction characteristics of this strategy were evaluated using three different electrochemical modalities. By integrating a microfluidic system and multi-electrode array technology, this immunoassay method is expected to be applied for automatic ovarian cancer diagnosis in clinical laboratories.
To further amplify signal detection, a sandwich structure described in another recent study was formed from 1) antibody against CA125, 2) analyte (CA125), and 3) an aptamer against CA125 on the electrode of AuNPs. Notably, AuNPs could enhance the hybridization chain reaction (Jin et al., 2017), thus considerably improving the electrochemical immunoassay sensitivity. This immunosensor was successfully applied to determine CA125 levels in human serum, and the signal amplification strategy used could be modified to determine other analytes using their corresponding aptamers.
Aptamers can also be used to create photoelectrochemical aptasensors. Hu et al. developed an AuNPs/GaN Schottky photoelectrode to detect the ovarian cancer biomarker, CA125 (Hu et al., 2020). In this design, AuNPs/GaN Schottky junctions were grown in situ on the GaN surface, and the DNA aptamer targeting CA125 was modified on AuNPs via Au-S bonds. This method can reliably detect CA125 in serum samples.
2.1.3 Aptamer Biosensor Probes
Aptamer biosensor probes have been developed for assessment of CA125 in human biological samples because of their simplicity, highly selectivity, and sensitivity compared with other aptasensor detection methods. Jin et al. developed a novel near-infrared (NIR) PL probe (Ag2S quantum dots (QDs)/aptamer/5-fluorouracil (5-Fu) hybrids) for CA125 (Jin et al., 2017). Ag2S QDs were prepared by electrostatic interaction using a simple aqueous synthesis method, and 5-FU was combined with CA125 antigen aptamer to form an aptamer/5-FU complex. In the process of binding of Ag2S QDs with the aptamer/5-FU complex, the NIR PL of QDs decreases significantly, because of photo-induced electron transfer from QDs to 5-FU, while CA125 binding induces significant recovery of NIR luminescence. This probe has high selectivity and sensitivity for CA125, and superior analytical performance and high detection recovery in genuine human body fluid samples (Figure 5).
[image: Figure 5]FIGURE 5 | Schematic illustration of NIR PL turn-on probe detection of CA125. (A) Fabrication processes of the CA125 NIR PL turn-on probe. (B) Relative NIR PL intensities (I/I0) of Ag2S QDs/aptamer/5-Fu hybrids in the presence of tumor biomarkers in human body fluids. (C) Relative NIR PL intensities (I/I0) of Ag2S QDs/aptamer/5-Fu hybrids in the presence of potential components of human body fluids. (D) NIR PL emission spectra at different concentrations of CA125. (E) Calibration curve of the NIR PL turn-on probe.
Another aptamer-related biosensor probe was developed by Zhang et al. (Zhang et al., 2021), who used NIR-excitable upconversion nanoparticles (UCNPs) as energy donors to create CA125 biosensors to overcome the problems associated with luminescence resonance energy transfer-based probes, such as frequent interference from biological sample autofluorescence. In this approach, CA125 aptamers were attached to a UCNP surface, and bound to CDs through π-π stacking interaction. Formation of the CA125-aptamer complex led to upconversion luminescence (UCL) recovery, and results using this approach showed that aptamer biosensor probes are potentially very useful for early ovarian cancer screening.
2.1.4 FET-type Aptasensor
In recent years, the use of chemical resistance or FET sensors for unlabeled detection of different target analytes (including proteins, viruses, and oligonucleotides) has attracted increasing interest, primarily because these sensors can be monitored in real time and do not require fluorescence or electrochemical labels. For example, researchers created a new flexible and ultrasensitive passive sensor based on FET of carboxylated multi-walled carbon nanotubes (MWCNTs)/reduced graphene oxides for label-free detection of CA125. (Majd and Salimi, 2018), which has been applied in actual serum samples. Notably, the flexibility of chemical and biological sensors still requires optimization. The reduced graphene oxide-based FET-type sensor on a poly (methyl methacrylate) substrate exhibits bendable flexibility, which could be a solution to this problem. Further, this type of FET-type sensor exhibits great performance and flexibility for detecting CA125 and other cancer biomarkers.
2.2 Aptamer Nanomaterials for Recognition of Tumor Cells
Circulating tumor cells (CTCs) have broad application prospects as biomarkers for tumor diagnosis and prognosis, due to their high relevance to metastasis and recurrence. CTC count has been used to predict tumor progression stage; however, CTCs are difficult to isolate from whole blood samples, as their low concentrations make them difficult to count. To solve this problem, Tsai’s team reported a new method for diagnosing and predicting ovarian cancer using CTCs (Tsai et al., 2017). They used an integrated microfluidic device to capture target cells from samples through aptamer-binding technology. Using this device the whole process could be completed efficiently in 60 min, with a high recovery rate and low levels of false positive detection. Moreover, due to the high specificity of aptamers, “false positive” results from leukocyte binding were decreased. Overall, the findings suggested that the integrated microfluidic system can be expected to separate and detect tumor cells, providing a foundation for early tumor diagnosis and prognosis tools.
Furthermore, detection of mutations present in cancer cells from specific patients could inform clinical decisions to select the best treatment options. To achieve this goal, another research team presented a new microfluidic device, which both captures cancer cells and separate their genomic DNA for specific amplification and sequence analysis (Reinholt and Craighead, 2018). In this device, aptamers were bound explicitly to cancer cells, to improve capture efficiency. Ultimately, the technique was used to detect TP53 mutations in cervical and ovarian cancer cells. This method allows monitoring of multiple genetic mutations in small cell samples, which could promote the development of precision medicine, where patients are treated based on consideration of some of the substantial genetic differences observed among individual cancers.
3 APTAMER NANOMATERIALS FOR TREATMENT OF OVARIAN CANCER
3.1 Aptamers as Molecularly Targeted Therapeutics
3.1.1 Aptamer-Mediated Antitumor Effects
Ovarian cancer is often resistant to chemotherapy, resulting in higher mortality rates of patients with ovarian cancer, relative to those with other cancers of the female reproductive system. Therefore, it is imperative to provide accurate drug-targeted therapy for patients with ovarian cancer to improve their prognosis (Jayson et al., 2014). Biomarkers are becoming increasingly critical in epithelial ovarian cancer treatments and many laboratories have recently begun to develop clinically useful biomarkers (Table 2).
TABLE 2 | Aptamer nanomaterials for treatment of ovarian cancer.
[image: Table 2]CD44 and EpCAM have important roles in ovarian cancer occurrence and development, and most research indicates that they both contribute to chemoresistance. Thus, co-expression of CD44 and EpCAM in ovarian cancer cells suggests that targeting both molecules with bispecific agents may overcome chemoresistance. For example, Zheng et al. designed a bispecific CD44-EpCAM aptamer that simultaneously blocks both CD44 and EpCAM (Zheng et al., 2017). This bispecific CD44-EpCAM aptamer exhibited superior tumor inhibition effects than those achieved using single aptamers. Thus, the CD44-EpCAM aptamer could be an effective drug for treating advanced ovarian cancer (Figure 6).
[image: Figure 6]FIGURE 6 | Bispecific aptamer-mediated therapy for ovarian cancer. (A) Structure of the CD44-EpCAM aptamer. (B) Quantification of CD44-EpCAM using ImageJ. (C) Schematic of ELISA for dual-specificity evaluation of the CD44-EpCAM aptamer. (D) Bispecific aptamer-mediated therapy suppresses peritoneal tumor metastasis.
The DNA binding protein inhibitors, Id1–4, are major inhibitors of cell cycle regulators, and Id protein overexpression promotes the proliferation and inhibits apoptosis of cancer cells. Further, Id1 expression is associated with increased malignancy and more aggressive clinical manifestations. To inhibit Id1 and Id3, a peptide aptamer, Id1/3-PA7, was screened from a random combination expression library using the yeast mammalian two-hybrid system (Mern et al., 2010). Id1/3-PA7 was fused with a cell-penetrating protein transduction domain, then expressed and purified. Experimental results suggested that the biological effects of Id1/3-PA7 occur via functional blockade of Id1 and Id3. Based on these findings, further experiments on Id1/3-PA7, to provide information on its stability, functional specificity, and toxicity in vivo, are warranted.
AXL receptor tyrosine kinases (RTK) are key targets for ovarian cancer therapy, as they have critical roles in mediating tumor metastasis. AXL inhibition has been proven to improve chemotherapy sensitivity, making it a feasible treatment choice for patients with ovarian cancer. Kanlikilicer et al. designed a nuclease AXL aptamer that targets AXL-RTK and evaluated its antitumor activity in different intraperitoneal injection animal models (Kanlikilicer et al., 2017). AXL aptamer therapy combined with paclitaxel could significantly enhance the antitumor effects of paclitaxel in mice. These results indicate that AXL aptamer can suppress AXL activity and tumor growth in vivo, and has potential to become a promising treatment strategy for ovarian cancer. One challenge with aptamer-based therapy is that aptamers may adhere to the cell surface and not be endocytosed into the target cell, limiting intracellular delivery of the therapeutic agent. To solve this issue, researchers identified an aptamer, R13, that can bind and be internalized into ovarian cancer cells through caveolae- and clathrin-mediated endocytosis (Li et al., 2018). The target of R13 is a membrane protein expressed on the tumor cell surface, which could function as a biomarker to distinguish between cancer cells and normal cells. Imaging of a mouse tumor model to determine the targeting ability of R13 suggested that it is a promising new tool for diagnosis and drug delivery in ovarian cancer.
In addition to their potential use for biomarker inhibition, aptamers (e.g., aptamer-siRNA chimeras) can also be used alone to treat various cancers, such as prostate cancer (Dassie et al., 2009). A study on ovarian cancer reported a novel aptamer-siRNA chimera delivery system, mediated by cationic Au-Fe3O4 nanoparticles (Chen Y et al., 2017). The aptamer-siRNA chimera was constructed by combining a vascular endothelial growth factor (VEGF)-RNA aptamer with Notch3 siRNA, and binds Au-Fe3O4 nanoparticles through electrostatic interaction. The obtained chimeric complexes have higher Notch3 gene silencing efficiency and improves the anti-tumor effect. In addition, the effective delivery of Au-Fe3O4 nanoparticles can overcome multidrug resistance to cisplatin, indicating that Au-Fe3O4 nanoparticles have the potential for application in tumor-targeted therapy to overcome multidrug resistance.
In another study, Rehmani et al. designed an EpCAM aptamer-PKCι siRNA chimera (EpCAM-siPKCι aptamer) (Rehmani et al., 2020). They discovered that PRKCI is part of the PKC family and can be significantly amplified in ovarian cancer, which is associated with high PKCι expression. Moreover, PKCι silencing induces PRKCI-amplified ovarian cancer cell apoptosis. These data indicate that the carcinogenicity of PRKCI-amplified cells is dependent on PKCɩ. EpCAM-siPKCι aptamer could effectively induce apoptosis of PRKCI-amplified ovarian cancer cells and significantly inhibited intraperitoneal tumor occurrence in xenotransplantation mice. This study demonstrated a specific strategy based on medicine targeting a subgroup of ovarian cancer cells containing PRKCI amplification and proved that PKCι siRNA delivered by EpCAM aptamer can be used to inhibit such tumors (Figure 7).
[image: Figure 7]FIGURE 7 | EpCAM-siPKCι aptamer therapy for ovarian cancer. (A) The experimental process of EpCAM-siPKCι aptamer treatment. (B) Therapeutic effect of EpCAM-siPKCι aptamer. (C) Anatomical pictures of mice after 7 weeks of treatment. (D) Tumor implants were collected and weighed.
3.1.2 Aptamer Mediated Drug Delivery
Given the advantages of aptamers, such as lower immunogenicity, cell internalization, and rapid tissue penetration, among others, researchers have used them to guide drugs to target specific cells and internalize them in vivo (Wan et al., 2019). Lu et al. designed an efficient aptamer for PDGF-B which, combined with anti-VEGF therapy, demonstrated efficacy against ovarian cancer (Lu et al., 2010), and used HeyA8 and SKOV3ip1 ovarian cancer metastasis in situ models to assess its therapeutic effects on endothelial cells (bevacizumab) and/or pericytes (PDGF aptamer, AX102). Bevacizumab combined with AX102 was more effective in inhibiting tumor growth. Overall, the results show that targeting endothelial cells and pericytes simultaneously has potential as an anti-vascular therapy for ovarian cancer.
Other than bevacizumab, paclitaxel (PTX) is among the drugs most frequently used in first-line clinical chemotherapy; however, its low water solubility and tumor cell selectivity, both of which can induce substantial side effects, limit its clinical use. To address this problem, Li et al. designed and synthesized a highly water-soluble nucleolin aptamer-paclitaxel conjugate (NucA-PTX), which could selectively transport PTX to tumor sites (Li et al., 2017). Further, NucA increased the specific uptake of PTX by tumor cells, with PTX released to function after entering the cell. Modification with NucA contributed to selective accumulation of PTX in ovarian tumors, significantly increased antitumor activity, and reduced toxicity (Figure 8).
[image: Figure 8]FIGURE 8 | Aptamer-paclitaxel conjugates for targeted therapy of ovarian cancer. (A) Schematic illustration of the use of FRET in FAM-NucA-PTX-Rh for tracking the rupture of the cathepsin B-labile linker. (B) Distribution of conjugated PTX-Rh in tumors and major viscera after intravenous injection of NucA-PTX-Rh or CRO-PTX-Rh. (C) Rhodamine fluorescence intensity of each tumor and organ.
Hyaluronic acid (HA)-CD44 interaction can deliver chemotherapeutics and other anticancer drugs to tumor cells. By combining drugs with HA or anti-CD44 antibodies, and drugs or siRNA with HA or antibody-modified vectors, higher efficacy was achieved in cellular and animal tumor models (Auzenne et al., 2007). Researchers identified a thiophosphate modified aptamer (thioaptamer), which bound specifically to the hyaluronic acid-binding domain (HABD) of CD44 with high affinity (Somasunderam et al., 2010). Further, they showed that thioaptamers can bind with HABD on CD44 with high specificity and affinity. The selected thioaptamer will be used as a target or imaging agent to further develop cancer treatment.
3.2 Aptamer-Therapeutic Agent Conjugates
Aptamer drug conjugates can precisely deliver cytotoxic drugs and may improve treatment efficacy. This method was evaluated in pancreatic cancer, and the results suggested that it can reduce cytotoxic side effects in non-tumor tissues (Yoon et al., 2017). For example, Dai et al. evaluated the anti-tumor effect of a MUC1 aptamer mir-29b chimera in xenograft tumor models (Dai et al., 2013), and found that intratumor injection of Chi-29B chimeras significantly inhibited OVCAR-3 tumor growth, leading to down-regulation of PTEN, MAPK4, and IGF1 expression, by inhibiting PTEN methylation. This study also showed that Chi-29b chimera can effectively suppress tumor progression in a xenograft tumor model. Further, the chimera could inhibit tumor stem cell activation. MUC1 aptamer-miR-29b chimera has potential for application as a new therapeutic drug for ovarian cancer. Nevertheless, due to intrinsic or acquired resistance of cancer cells, aptamers coupled with a single biologically active medication have consistently demonstrated insufficient anticancer activity for clinical use. To enhance their therapeutic effects, they have been used in combination with first-line treatments for epithelial ovarian cancer. For example, researchers developed AS1411 anti-nucleolin aptamer-decorated PEGylated poly (lactic-co-glycolic acid) nanoparticles containing cisplatin (CIS) (Ap-CIS-NPs) using a water/oil/water technique. Ap-CIS-NPs can accurately deliver anticancer substances to ovarian cancer cells that overexpress nucleolin (Vandghanooni et al., 2018), as the AS1411 aptamer can specifically bind with nucleolin (Bates et al., 2009). AS1411 Ap-armed NPs display high-affinity binding to the nucleolin receptor on nucleolin-positive A2780 S (Nu+) and A2780 R (Nu+) cells. Further, AP-CIS-NPs significantly increased the sensitivity of mir-21-inhibited A2789R cells to CIS chemotherapy. The results of this study suggest that gene therapy agents, such as Ap-armed anti-miR-21 NPs, may have potential as chemotherapeutic drugs against ovarian cancer.
3.3 Aptamer-Modified Targeted Nanomedicines
Nanotechnology-based formulations have great potential for enhancing the therapeutic effects of conventional chemotherapy drugs, as they can improve the water solubility and bioavailability of drugs and reduce their toxicity. The active targeting of drug carriers is crucial to providing effective therapeutic and imaging agents. Nevertheless, some characteristics of aptamers can also limit their application in certain treatments (Table 3). For example, RNA and DNA molecules are vulnerable to nuclease-mediated degradation, and aptamers cannot easily cross biological barriers, such as the cell membrane, for targeted specific recognition in cells; however, chemical synthesis can easily modify them to avoid these problems and improve their suitability for different biomedical applications (Wu et al., 2011). For example, researchers synthesized a star-shaped biodegradable polymer, glucose-core poly-caprolactone-poly (ethylene glycol) (Glu-PCL-PEG), as a new type of nanoformulation for drug-resistant ovarian cancer (Vandghanooni et al., 2020). The synthesized polymer was used to prepare polymeric NPs containing CIS and anti-miR-214 locked nucleic acid (LNA) using a water/oil/water emulsification technique. AS1411 Ap was decorated on the surface of the prepared NPs, which were more sensitive to cells with nucleolin overexpression, mainly through nucleolin-mediated endocytosis. Down-regulation of endogenous oncomiR-214 was confirmed by transfection of CIS-resistant A2780 R cells with AP-anti-miR-214 (LNA)-PCL NP. These findings suggest that targeted knockdown of oncomiRs using antisense LNA could increase the sensitivity of drug-resistant cancer cells with relatively few undesired effects. A novel nucleic acid modified nanoparticle, containing annexin A2 aptamer targeting ovarian cancer cells, that can be loaded with doxorubicin, was designed and constructed in another study by Pi et al., (Pi et al., 2017). The system uses a highly stable three-way junction motif from phi29 packaging RNA as a core structure. The results indicated that stable thio-DNA/2′F-RNA hybridized nanoparticles containing annexin A2 aptamer were suitable as nanocarriers for delivery of doxorubicin to ovarian cancer cells. The DNA/RNA hybrid nanoparticle was proven to remain chemically and thermodynamically stable for in vivo application and provide specific doxorubicin delivery to SKOV3 cells with significantly increased toxicity.
TABLE 3 | Characteristics of aptamer nanomedicines for ovarian cancer therapy.
[image: Table 3]Chemotherapeutic drugs are established as our primary tools in the fight against cancer; however, primary obstacles to effective cancer chemotherapy include insufficient water solubility, low bioavailability, and side effects caused by anti-cancer drugs. To overcome these issues, a targeted polymeric nanoparticulate system, composed of poly (butylene adipate-co-butylene terephthalate) (Ecoflex®) and HER-2 specific aptamer was developed (Ghassami et al., 2018). Evaluation of this system demonstrated that polymeric nanoparticles with aptamers can minimize adverse effects and improve the therapeutic efficacy by delivering anticancer drugs to their sites of action.
In addition to tumor targeting, nanomaterials can shield anticancer agents against degradation during blood circulation and efficiently release their payload within cancer cells. To achieve controlled drug release, Savla et al. designed a quantum dot-mucin1 aptamer-doxorubicin (QD-MUC1-DOX) conjugate, which exhibits tumor targeting and pH-mediated response to ovarian cancer chemotherapy (Savla et al., 2011). These nanocarriers can selectively accumulate in ovarian tumors, release DOX under acidic pH conditions, and exhibit high cytotoxicity in multi-chemo drug-resistant cancer cells, and can be further applied to multidrug-resistant ovarian cancer therapy.
Of the various methods to regulate drug release, control using light has many possibilities for clinical application because of the outstanding spatial/temporal resolution that can be achieved by remote control. For example, dual surfaced dumbbell-like gold magnetic (Au-Fe3O4) nanoparticles have been synthesized as smart photo-controlled drug carriers for targeted aptamer delivery (Green et al., 1996). DNA aptamers targeting VEGF and Au-Fe3O4 NP were assembled by electrostatic absorption, where Apt-Au-Fe3O4 NP can specifically bind to SKOV-3 ovarian cancer cells. Under radiation from plasma resonance light (605 nm), aptamers are significantly released in cells, and enhance inhibition of tumor cell proliferation in vitro. These results indicate that Apt-Au-Fe3O4 NP have high potential for use as targeted cancer hyperthermia carriers through remote control, with high spatial/temporal resolution.
In addition, detection of disease at an early stage and assessment of therapeutic responses are necessary for better cancer care. To create a nanocarrier that can be used for targeted cancer therapy and imaging, Das and others developed a multifunctional nanosystem that could simultaneously mediate cancer treatment and imaging (Das et al., 2015). The nanosystem had theranostic capabilities via nutlin-3a-loaded poly (lactide-co-glycolide) nanoparticles, functionalized with a targeting ligand (EpCAM aptamer) and an imaging agent (QDs). NP loaded with nutlin-3a-targeting aptamers enhanced drug accumulation and cytotoxicity in EpCAM overexpressing cancer cells. Furthermore, this multifunctional carrier nanosystem has potential as an imaging method, and the authors proposed that it is an option for treatment of cancer.
Compared with chemotherapy, sonodynamic therapy (SDT) is proven to be a more effective choice for treating deep tumors, because of its deep tissue penetration and biosafety characteristics; however, SDT aggravates tumor hypoxia, leading to tumor cell proliferation and drug resistance. To address these drawbacks, Wang et al. constructed a cascaded drug delivery system (Lipo/HMME/ACF@MnO2-AS1411) for synergistic enhanced SDT (Wang et al., 2018). This delivery system has unique advantages, including dual-drug delivery, triple-responsive drug-controlled release, AS1411 APT-induced tumor-targeting, SDT enhancement through a cascaded strategy, and magnetic resonance imaging function. The complementarity and superiority of this combination therapy were confirmed both in vitro and in vivo, with the results indicating that Lipo/HMME/ACF@MnO2-AS1411 is an effective therapeutic delivery system with potential value for clinical application (Figure 9).
[image: Figure 9]FIGURE 9 | Aptamer-modified multifunctional nanodrug delivery platform for ovarian cancer treatment. (A) Schematic illustration of the Lipo/HMME/ACF@MnO2-AS1411 synthesis process. (B) In vivo near-infrared (NIR) fluorescence images of different formulations in SKOV-3 tumor-bearing nude mice injected intravenously. (A) IR780, (B) Lipo/IR780@MnO2, and (c) Lipo/IR780@MnO2-AS1411.
4 CONCLUSION AND PROSPECT
Ovarian cancers are a leading cause of death in women. The high mortality of ovarian cancer is mainly attributable to its late diagnosis and high recurrence rate. Existing diagnostic (serum CA125 detection, pelvic examination, and enzyme-linked immunosorbent assay) and treatment (radiotherapy, chemotherapy, and abdominal pelvic radiotherapy) methods are insufficient to improve 5-years survival rates. Further, almost all patients develop resistance to chemotherapy drugs. Thus, to solve these problems, numerous studies have been devoted to combining aptamers and nanomaterials to improve early diagnosis rates and enhance the targeted treatment of ovarian cancer.
Research on aptamers has progressed over the past few decades, and many breakthroughs have been achieved. The application of aptamer-nanoparticles in clinical diagnosis and treatment has aroused great interest. Many studies have applied aptamers combined with nanomaterials for cancer diagnosis and treatment (including of ovarian cancer) and achieved good results. Combination of aptamers with nanotechnology has paved the way for ingenious solutions to problems related to conventional cancer diagnosis and treatment methods, by targeting drugs to cancer tissues, improving their blood circulation time, facilitating immune system escape, reducing toxicity, and explicitly killing cancer cells.
Many aptasensors have shown effectiveness and versatility for diagnosing ovarian cancer, including molecular imaging of biomarkers, tumor cell capture probes, fluorescence immunosensors, and electrochemical aptasensors, among others. Although these findings imply that aptamers have great promise for use in early detection of ovarian cancer, their application is generally complicated and time-consuming, and clear methods for biomarker assessment are not always provided. Thus, more advanced ovarian screening methods will undoubtedly aid in the advancement of ovarian cancer targeted therapy.
Furthermore, aptamers have important roles in therapeutic applications. Dedicated carriers using these molecules for targeted drug delivery are likely to contribute to future treatment models. Inspiring achievements have been made using the therapeutic potential of aptamers in ovarian cancer, including inhibition of tumor progression, and overcoming multidrug resistance using aptamer-therapeutic oligonucleotide conjugates. Further, aptamers can be combined with chemotherapeutic drugs in aptamer-therapeutic agent conjugates, to mediate targeted drug delivery, with potential clinical value.
The current paucity of commercial success with aptamer-based products may be attributable to several factors, including the lack of appropriate development approaches, education, investment, and relevant knowledge. The discovery of high-performance aptamers is still a limitation of aptamer based research and industrial transformation. High molecular weight nanoparticles have a very large proportion of molecular weight, which seriously limits the therapeutic potential. The future success of aptamers as methods of diagnosis and treatment of ovarian cancer will depend on overcoming these challenges and taking full advantage of the unique properties of aptamers.
To conclude, because of their advantages, aptamers are widely-used in diagnosis and treatment of ovarian cancer and significant progress has been achieved. As a safe and high-affinity approach, aptamers provide excellent opportunities for more cancer patients to receive personalized treatment. The combination of aptamers and nanomaterials takes advantage of their benefits and overcomes their shortcomings. The increasing numbers of researchers committed to rational aptamer development provide a strong driving force to progress the use of aptamers in treatment and diagnosis.
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