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Abstract

:

Simple Summary


Pancreatic ductal adenocarcinoma (PDAC) accounts for 90% of pancreatic cancers. It is considered one of the deadliest cancers due to its high metastatic potential and drug resistance. This review discusses various targets and nanoparticle-based delivery systems developed, tested, and approved for the effective diagnosis and targeted treatment of PDAC.




Abstract


Pancreatic ductal adenocarcinoma (PDAC), one of the deadliest cancers, presents significant challenges in diagnosis and treatment due to its aggressive, metastatic nature and lack of early detection methods. A key obstacle in PDAC treatment is the highly complex tumor environment characterized by dense stroma surrounding the tumor, which hinders effective drug delivery. Nanotechnology can offer innovative solutions to these challenges, particularly in creating novel drug delivery systems for existing anticancer drugs for PDAC, such as gemcitabine and paclitaxel. By using customization methods such as incorporating conjugated targeting ligands, tumor-penetrating peptides, and therapeutic nucleic acids, these nanoparticle-based systems enhance drug solubility, extend circulation time, improve tumor targeting, and control drug release, thereby minimizing side effects and toxicity in healthy tissues. Moreover, nanoparticles have also shown potential in precise diagnostic methods for PDAC. This literature review will delve into targeted mechanisms, pathways, and approaches in treating pancreatic cancer. Additional emphasis is placed on the study of nanoparticle-based delivery systems, with a brief mention of those in clinical trials. Overall, the overview illustrates the significant advances in nanomedicine, underscoring its role in transcending the constraints of conventional PDAC therapies and diagnostics.
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1. Introduction


Pancreatic ductal adenocarcinoma (PDAC) represents 90% of all pancreatic malignancies and is known as one of the deadliest cancers, with a five-year survival rate of less than 5%, making it a persistent global health challenge [1]. It ranks as the fourth leading cause of cancer death in the United States, leading to over 30,000 deaths every year [2]. PDAC’s highly aggressive and metastatic nature, coupled with the lack of early detection methods, results in fewer than 20% of patients being diagnosed at localized and resectable stages, as 80–85% of advanced PDAC patients are ineligible for surgical intervention due to extensive metastasis [3]. Even those diagnosed in the early stages have a low postoperative five-year survival rate, merely around 20% [2,3,4,5].



The intricate nature of PDAC is marked by genetic heterogeneity, increased interstitial fluid pressure, and dense tumor stroma, creating a complex microenvironment [6,7,8]. This significantly enhances the metastatic potential and drug resistance, thereby obstructing the effective delivery of therapeutic agents by conventional chemotherapy treatment approaches. In response, research increasingly focuses on nanotechnology in therapy and diagnosis. As a revolutionary platform, nanoparticles can be highly multifunctional and demonstrate a high potential for treating various cancers [9,10,11,12,13,14,15,16]. They can be engineered to target markers on PDAC cells specifically, such as EGFR, VEGFR, transferrin, hyaluronan, integrins, and other molecules [17,18,19,20,21,22,23,24]. Additionally, nanocarriers can be conjugated with tumor-penetrating peptides like TAT, antennapedia, and iRGD to enhance intracellular penetration of delivered drug(s) [25,26]. This engineering enhances drug accumulation at tumor sites, modifies the tumor microenvironment, and can aid in immunotherapy and gene therapy. As a result, nanoparticles significantly enhance the therapeutic efficacy while minimizing damage to healthy tissues and reducing the side effects typically associated with conventional chemotherapy and radiation, making them a highly effective treatment option. Up to now, the FDA has approved two nanoformulations specifically for PDAC treatment, Onivyde and Abraxane [27]. Onivyde, a pegylated liposome formulation of irinotecan, combined with other chemotherapies, has shown promising outcomes in clinical practice compared to conventional gemcitabine-based therapies [28]. Abraxane, a nanoparticle albumin-bound formulation of paclitaxel, has been effective in combination with gemcitabine, offering better survival rates compared to gemcitabine alone [29]. These nanoparticle formulations represent a significant advancement in the targeted treatment of PDAC, offering new therapeutic approaches in this challenging field.



This comprehensive narrative literature review will examine the intricate microenvironment of PDAC and explore various diagnostic methods currently in use and under research, including nanotechnology-based techniques. It will then examine potential markers for targeted therapy, providing a detailed analysis of their roles and implications. Finally, we will discuss advanced nanoparticle delivery systems and their role in enhancing the efficacy of targeted therapies for PDAC treatment, highlighting recent breakthroughs and potential future directions in this area.




2. Epidemiology and Classification of Pancreatic Cancer


Although the primary determining factors of pancreatic cancer are not fully discovered, numerous studies suggest that smoking is a significant contributing factor [30,31,32]. Over the years, it has been reported that approximately 25% to 30% of pancreatic cancer cases can be attributed to smoking, and smokers are 2.5 to 3.6 times more likely to develop the disease. Furthermore, the risk of pancreatic cancer increases with extended exposure to tobacco [33].



In addition, family history is an established risk factor for pancreatic cancer. Research indicates that around 7% to 10% of pancreatic cancer patients have a family history of the disease [34]. For families with three or more first-degree affected individuals, the risk of pancreatic cancer is even higher, rising to 32 times compared to families without any history of the disease. In families with four or more PDAC individuals, the risk can escalate to 57 times higher [30,34]. Several case-control studies reveal that inherited factors such as obesity, diabetes mellitus, chronic pancreatitis, heavy alcohol consumption, familial breast cancer, and non-polyposis colorectal cancer may also heighten the risk of pancreatic cancer [30,32,34].



Depending on their origin, pancreatic cancers are divided into two major types: exocrine and neuroendocrine (Figure 1) [31,32,35]. Exocrine glands, associated with the digestive system, secrete digestive enzymes. Exocrine pancreatic cancers, including various subtypes, make up 95% of pancreatic cancer cases. PDAC is the most common type of exocrine pancreatic cancer and accounts for more than 90% of cases. Squamous cell carcinoma, adenosquamous, and colloid carcinoma are rare exocrine pancreatic cancers. Cysts and other benign tumors forming in the pancreas can be precursors to pancreatic cancer.



Pancreatic carcinoma is a highly metastatic form of cancer that is difficult to detect in its early stages, leading to a poor prognosis [30]. Conversely, neuroendocrine gland cancers are less lethal and have a much better prognosis. These cancers affect islet cells that secrete hormones such as insulin and glucagon to regulate human blood sugar. Neuroendocrine carcinomas are relatively rare, accounting for less than 5% of all pancreatic cancers. This paper will focus on pancreatic ductal adenocarcinoma, which is the most fatal form of pancreatic cancer.




3. Diagnosis and Screening


3.1. Traditional Approaches


Early detection and diagnosis of pancreatic cancer remain challenging due to the lack of specific symptoms, biomarkers, and screening methods. Statistical analysis reveals a 10-year delay from the first emergence of the mutation to the development of nonmetastatic cancerous cells [36]. Because the pancreas is located behind the peritoneal cavity, pancreatic cancer often goes undetected in its early stages. Consequently, in most cases, common symptoms such as jaundice, abdominal pain, nausea/vomiting, and anorexia always indicate advanced cancer stages [31,32,37,38]. Unlike many other cancers, biomarkers currently do not play a pivotal role in the early detection of pancreatic cancer. Elevated carbohydrate antigen such as CA19-9 is a broadly studied and often-used screening tool in PDAC diagnosis and prognosis with a sensitivity of 79–81% and specificity of 82–90% in symptomatic patients, and 100% sensitivity and 98.5% specificity in asymptomatic patients. However, its positive predictive value (PPV) is only moderate at 72% in symptomatic patients and very low at 0.9% in asymptomatic patients, which makes it almost no clinical usage in practice for early detection [39,40]. Additionally, about 5–10% of Caucasians are Lewis antigen-negative, so they cannot produce detectable levels of CA19-9 [38,41]. Elevated CA19-9 can also occur in other cancers, such as colorectal and cholangiocarcinoma or in conditions like obstructive jaundice and liver cirrhosis, as well as in about 50% of PDAC tumors that are smaller than 3 cm, further complicating its use in clinical practice [42,43]. Although CA19-9 may not be an ideal option, it is currently the only FDA-approved marker for PDAC diagnosis, and it is reported to be the only most recommended tool in distinguishing PDAC and chronic pancreatitis, holding a sensitivity of 70–90% and a specificity of 68–91% [44]. Increased carcinoembryonic antigen (CEA) has also been reported in different cancers, including the pancreas, colon, lung, and breast [44]. Although reports show that around 30–60% of PDAC patients have elevated CEA [45], this biomarker has a dismal sensitivity of 25–54% and specificities of 75–91%, which is relatively low for practical use in clinics [46]. To enhance the accuracy and reliability of early diagnosis, many researchers are now focusing on combining CA19-9 and/or CEA with additional factors to create comprehensive panels of biomarkers [47,48,49,50].



Besides biomarker measurements, current PDAC diagnosis also relies on medical imaging. Conventional medical imaging techniques, including computed tomography (CT), magnetic resonance imaging MRI, endoscopic ultrasound (EUS), positron emission tomography (PET) scan, and X-ray angiography, have limited applicability in PDAC diagnosis due to their reduced accuracy. [37,38,51,52]. CT, in particular, is the primary modality for diagnosing and staging PDAC. A meta-analysis of 52 studies and 3567 patients suggested that CT-based investigation has a sensitivity, specificity, and diagnostic accuracy of 90%, 87%, and 89%, respectively [53]. However, this method remains a reliable diagnostic tool for tumors larger than 20 mm due to its relatively poor contrast resolution; for a smaller lesion, the sensitivity and accuracy decreased to 69% and 73%, respectively [52]. MRI shows superior sensitivity, specificity, and comparable diagnostic accuracy to CT, especially in small tumors and metastasis [52,53]. Nevertheless, its overall application is restricted by its cost and availability [52]. EUS, on the other hand, can particularly benefit patients with tumors smaller than 20 mm [51,52,54]. Pairing EUS with Fine Needle Aspiration (FNA) creates EUS-FNA, a technique that collects samples during an examination with minimal invasiveness [54]. This approach leads to an enhanced sensitivity of 92% and specificity of 96% [37,52,55]. Both medical imaging and biomarker evaluation necessitate highly skilled and experienced professionals, and inconsistent diagnosis may occur due to different physician training backgrounds [42]. Overall, more advanced techniques with uniform standards, high sensitivity, and specificity are critical to ensuring consistency and accuracy in PDAC diagnosis.




3.2. Advancement in Early Diagnosis and Screening


Given the limitation of accuracy and precision by conventional diagnostic and screening approaches, there is a pressing need for innovative detection methods targeting pancreatic cancer, especially in the initial stages. One promising technique is liquid biopsy, which permits minimal or non-invasive sampling to detect pancreatic cancer early or even precancerous lesions with high sensitivity [56]. Liquid biopsy can monitor tumor initiation, progression, and recurrence while providing real-time medication responses [37,57]. Researchers are investigating novel biomarkers from liquid biopsy samples collected via various routes, including saliva, pancreatic juice, bile, serum, feces, and urine. The biomarkers consist of circulating tumor cells, cell-free DNA, non-coding RNAs, and proteins, which can be combined with cutting-edge techniques like Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR), nanotechnologies, and artificial intelligence (AI) [38,42]. These innovative methods complement the conventional methods, which may significantly improve the treatment outcomes in practice.




3.3. Extracellular Vesicles (EVs)


Extracellular vesicles (EVs) are exosomes, microvesicles, and apoptotic bodies released by cells into the extracellular space, enclosed by lipid bilayers containing cancer-related biomarkers such as proteins and nucleic acids [58]. Accurate removal of soluble contaminants like cells, small proteins, or other vesicles is crucial for the accurate isolation of EVs isolation and investigation of the biomarkers [58,59]. An advanced electrokinetic (ACE)-based platform called the Verita™ System has successfully purified EVs with high efficiency, enhancing the detection of pancreatic, ovarian, and bladder cancer with an average sensitivity of 71.2% at 99.5% specificity. This platform has facilitated the precise measurement of various protein biomarkers, including CA19-9. Notably, the detection of stage I pancreatic cancer by the innovative platform achieved 95.5%, demonstrating substantial promise in clinical application [59].




3.4. Proteomics


Proteomic biomarkers have been identified in various bodily fluids, including serum, urine, pancreatic juice, and bile. Serum and urine are preferred as collection methods due to their non-invasive nature. Prior studies revealed a significant correlation between cancer detection and serum proteins such as Glypican-1 (GPC1), Carboxypeptidase A4 (CPA4), C4b-binding protein α-chain (C4BPA), plasma free amino acids (PFAA), Mucin 5AC (MUC5AC), and serum osteopontin and tissue inhibitor of metalloproteinase 1 (OPNT + TIMP-1) [42]. Among them, the serum level of C4BPA is aberrantly higher in preoperative PDAC patients when compared to postoperative patients (p < 0.008 vs. p < 0.036). Importantly, C4BPA shows better potential in detecting stage I and II PDAC patients than CA19-9, with an ROC AUC of 0.912 vs. 0.737 [60]. Moreover, combined CA19-9 panels with other proteins such as C4BPA, MUC5AC, or OPNT + TIMP-1 often show much higher sensitivity in PDAC diagnosis [42,60]. Urine samples from early PDAC patients revealed elevated LYVE1, REGIA, and TFFI levels, demonstrating a higher AUC of 0.97 compared to 0.88 for CA19-9. Recent advancements utilizing iTRAQ-based analysis identified several diagnostic biomarkers [61,62,63]. Among them, the combination panel of PROZ, TNFRSF6B, and CA19-9 demonstrated a superior AUC of 0.932 for stage I PDAC [62]. Moreover, the combination of ALG-2 interacting protein X (ALIX) and CA19-9 has been reported to have an AUC of 0.91 compared to ALIX or CA19-9 alone, with a 90.6% sensitivity and an 83.9% specificity [61]. Buenafe et al. investigated cancer-related proteins LAMA5, SDCBP, and TENA in EVs from PDAC patients, indicating consistent upregulation of those EV proteins [57]. Novel biomarkers G protein-coupled receptor class C group 5 member C (GPRC5C) and epidermal growth factor receptor pathway substrate 8 (EPS8) were identified in detecting early-stage PDAC, and the combination panel demonstrated an AUC of 0.922 and 0.946, compared to the healthy individuals of the two groups, respectively [64]. The proteomic biomarkers mentioned above exhibit considerable potential for clinical application. However, their effectiveness still needs further validation and optimization, which are crucial to ensure their reliability and efficacy in early cancer detection.




3.5. Circulating Cell-Free DNA and Methylation


There is a marked increase in the concentration of circulating cell-free DNA (cfDNA) in the serum of patients with malignant lesions compared to healthy individuals and those with inflammatory conditions such as pancreatitis [38,65,66]. Although the biological cause for such an increase remains unclear, studies suggest that nucleic acids from cancer cell necrosis, apoptosis, or active secretion possibly cause it. cfDNA is predominantly released from hematopoietic cells, while various conditions, including pregnancy, organ transplantation, cancer, surgery, and radiation, can lead to increased cfDNA [67,68]. In cancer patients, cfDNA is originated from cancer cells and the tumor microenvironment, including non-malignant cells [69]. Circulating tumor DNA (ctDNA) is cfDNA released by circulating tumor cells (CTCs) originating from primary or metastatic tumors. Studies have shown that cfDNA contains genetic and epigenetic abnormalities in malignancies, including genomic mutations, copy number alterations, and hyper- and hypomethylation from CTCs or ctDNA [70,71]. Detecting and analyzing ctDNA can potentially identify cancer-related changes. Polymerase chain reaction (PCR) and Next-Generation Sequencing (NGS) are approaches used to detect cancer using ctDNA, and deep sequencing coverage, molecular barcoding, and error-suppression algorithms are utilized to enhance sensitivity and specificity [72]. In 1993, a study utilized allele-specific amplification through PCR to identify mutated K-ras in the plasma cfDNA of PDAC patients, which was later verified via direct sequencing. The altered codon matched the K-ras mutation in the tumor, indicating that ctDNA could potentially be used for PDAC diagnosis [73]. Subsequent studies have shown promising results with K-ras detection, particularly in the early phases [74]. The decrease of TP53 and KRAS mutations in cfDNA after treatment may predict PFS in PDAC patients [75]. Remarkably, even at stage I, when serum CA19-9 levels are normal, plasma K-ras mutation can be detected [76]. Sausen et al. identified 43% of K-ras mutations in stage II PDAC with a specificity of over 99.9% using digital polymerase chain reaction (dPCR) and NGS [77]. In 2019, Liu et al. developed a technique called single-strand library preparation and hybrid-capture-based circulating DNA sequencing (SLHC-seq), which enhances the sensitivity and accuracy of identifying somatic K-ras mutations in pre-cancerous intraductal papillary mucinous neoplasms (IPMNs) and early-stage PDAC, such as stage I and II, by restoring degraded and short ctDNA fragments [78]. These findings highlight the potential of ctDNA as a reliable PDAC diagnostic marker in clinical settings.



Epigenetic alterations are widely recognized as pivotal contributors to the initiation and progression of cancer, and DNA methylation can substantially alter tumor suppressor genes (via hypermethylation) and proto-oncogene (via hypomethylation) [79,80]. A study conducted in 2013 aimed to evaluate the methylation profiles of a set of genes closely associated with PDAC in serum samples from patients. It turned out that ADAMTS1 and BNC1 showed the highest mutation frequency of 92% and 68%, respectively. The combined panel exhibited a 75% sensitivity for detecting PanIN lesions and a 97% sensitivity for identifying stage I PDAC, which substantially outperformed the traditional CA19-9 biomarker, displaying only 20% and 52% sensitivities, respectively [81]. A follow-up study indicated that the two-gene panel possessed a sensitivity and specificity of 87.2% and 95.8%, as well as 64.1% and 93.7%, respectively, for detecting PDAC from healthy controls, PDAC, and pancreatitis patients. Impressively, this gene panel demonstrated a remarkable sensitivity of 97.4% and specificity of 91.6% for identifying all-stage PDAC cases, outperforming the traditional CA19-9 biomarker [82]. The researchers also added LRFN5 and PXDN to the gene methylation panel of ADAMTS1 and BNC1, which led to higher diagnostic accuracy (AUC 0.94). Furthermore, the investigators found that LRFN5 and PXDN did not exhibit significant methylation frequency in patients with chronic pancreatitis (CP) compared to healthy individuals, providing better distinction than the panel of ADAMTS1 and BNC1 alone [83].



In a recent study, Shinjo et al. examined the methylation levels in five specific genes (ADAMTS1, HOXA1, PCDH10, SEMA5A, and SPSB4) in 47 cfDNA samples [84]. Using the methyl-CpG binding (MBD) protein coupled with a digital PCR method (MBD–ddPCR) technique, they found methylation in at least one of the five genes in 23 samples (49%). Previous studies proposed that K-ras mutation levels, rather than CA19-9, are more reliable for monitoring metastatic PDAC (mPDAC). However, post-therapy patients often show low methylation frequencies of RAS mutation and CA19-9, making them less ideal for tracking disease progression. In contrast, García-Ortiz et al. found that NPTX2 exhibited the highest methylation frequency (87.5%) in cfDNA of mPDAC patients and maintained a higher level of methylation after treatment, starting from a baseline of 100% methylation frequency [85]. Additionally, higher plasma NPTX2 methylation levels were strongly correlated with shorter survival periods in these patients. The findings indicate that monitoring methylation levels can be a promising tool to track the progression of mPDAC and its response to treatment.




3.6. Non-Coding RNA


Unlike protein-coding mRNA, non-coding RNAs do not encode any protein. They are primarily involved in regulating gene expression through epigenetic modification. During cancer development, these molecules exhibit altered expression patterns compared to healthy controls [86,87]. Previous studies demonstrated that specific types of non-coding RNAs, such as microRNAs (miRNAs), long non-coding RNAs (lncRNAs), and Circular RNAs (circRNAs), have great potential in accurately distinguishing early PDAC from healthy individuals.



3.6.1. MicroRNAs (miRNAs)


miRNAs are small non-coding RNA molecules typically composed of 19-25 nucleotides, originating from primary microRNA (pri-miRNA). Mature miRNAs can bind to the 3′ UTR on a complementary sequence of the target mRNA transcript, thus regulating gene expression by repressing the translation or initiating the degradation of the target mRNA. Many PDAC-related miRNAs have been detected in body fluids like saliva, serum, and feces/urine specimens [88]. In fact, up to 81 markers have been identified in serum samples alone [89]. A substantial increase of approximately 12.1-fold in miRNA-21 and 11.6-fold in miRNA-155 expression was observed by RT-qPCR in non-invasive precursor lesions of PDAC compared to samples from healthy controls [90]. The findings demonstrate encouraging prospects for early medical interventions that may impede the progression of potential malignancies. Furthermore, compared to healthy controls and CP patients, PDAC patients exhibit a marked upregulation of four serum microRNAs, namely miRNA-21, miRNA-155, miRNA-210, and miRNA-196a. A combined panel of miRNA-16, miRNA-196a, and CA19-9 can distinguish between PDAC patients and CP/healthy groups with sensitivity, specificity, and accuracy of 87.7%, 97.7%, and 93.3%, respectively [91].




3.6.2. Long Non-Coding RNAs (LncRNAs)


LncRNAs are RNA molecules that have more than 200 nucleotides. They have garnered increasing attention in recent years due to their critical regulatory roles in pancreatic tumorigenesis [92]. It was shown that lncRNA can influence DNA methylation by recruiting methyltransferase, such as DNMTs/TETs, to regulate tumor cell behavior, including proliferation, invasion, migration, apoptosis, autophagy, cell cycle, and promote resistance to radio- and chemotherapy [92]. A recent study identified immune-related lncRNAs, including LINC02325, FNDC1-AS1, ZEB2-AS1, and TEX26-AS1, significantly upregulated in PDAC tumor tissues [93]. Further research showed that reducing ZEB2-AS1 could increase E-cadherin expression meanwhile decreasing N-cadherin and Vimentin levels. The study suggests that ZEB2-AS1 may act as an oncogene by mediating the miR-204/HMGB1 axis and promoting tumor cell growth and migration by affecting the epithelial-mesenchymal transition (EMT) process in PDAC [94]. The diagnostic value of lncRNAs in PDAC has been evaluated and recognized by abundant studies. Long intergenic non-protein coding RNA (Linc-pint), a p53 transcriptional target, was observed to substantially decrease in plasma and tumor of PDAC patients, compared to healthy tissues, carcinoma of the ampulla of Vater (CAV) and cholangiocarcinoma (CCA), indicating its great potential in distinguishing PDAC from possible adjacent cancers. Combined with CA19-9, the ROC AUC improved from 0.78 (for CA19-9 alone) to 0.92 [95]. Upregulation of lncRNAs, such as salivary HOTAIR and PVT1, was found to be significantly associated with PDAC patients. The combined panel of the two genes accurately distinguished between PDAC patients and healthy individuals and differentiates the PDAC group from the benign pancreatic tumor (BPT) group with a sensitivity of 81.8% and specificity of 95.0% [96].




3.6.3. Circular RNA (CircRNA)


CircRNA typically consists of 100 to 4000 base pairs in length. Instead of a linear shape formed by lncRNA and miRNA, it forms a covalently closed loop structure that links 5′ and 3′ ends [97]. This unique structure, which lacks free ends, enhances stability and resistance to degradation by RNase R, a 3′ to 5′ exoribonuclease. Additionally, circRNA is ubiquitously expressed in body fluids such as plasma, saliva, and urine, making it an excellent biomarker for cancer diagnosis [97]. A meta-analysis including six diagnostic studies suggested that circRNA could distinguish PDAC patients from healthy groups, with relatively high AUC, sensitivity, and specificity values of 0.86, 84%, and 80%, respectively [98]. Consequently, PDAC-related circRNAs holds great potential as a diagnostic tool for detecting precancerous pancreatic lesions and enabling earlier treatment.




3.6.4. Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)


A novel diagnostic tool employing the CRISPR-Cas12a system has been developed to detect miRNA biomarkers with increased accuracy, specificity, and affordability in biological fluids. The EXTRA-CRISPR assay uses CRISPR-Cas12a to enable exponential and signal amplification of amplicons, replacing conventional linear rolling-circle amplification (RCA). It also features a modular padlock probe that simplifies the procedure and improves reaction kinetics. It integrates target-mediated ligation, RCA, Cas12a binding, and nucleolytic cleavage into complex reactions in one tube. The optimized assay can detect four PDAC biomarkers, miR-21, miR-196a, miR-451a, and miR-1246, in EVs isolated by commonly used methods. With a turnaround time ranging from 20 min to 3 h, this assay offers flexibility while providing results comparable to RT-qPCR without requiring a specialized instrument. Moreover, the assay maintains an impressive level of sensitivity with single-digit femtomolar concentration and single-nucleotide specificity [99]. The expedited workflow dramatically enhances the detection of miRNA biomarkers for diagnosing PDAC.




3.6.5. Artificial Intelligence (AI)


As a rapidly developing technique, AI can be a powerful tool in helping with analyzing and processing data and images with high complexity, providing results with fewer biases and manual errors. The utilization of AI, comprised of machine learning (ML) and deep learning (DL), has excellent capability to assist in detecting PDAC at an early stage by analyzing medical images and biological markers [100].





3.7. Light-Based Pancreatic Cancer Diagnostic Techniques


A new light-based technique was proposed to identify precancerous and cancerous cysts in the pancreas [101,102]. This technique utilizes light-scattering spectroscopy to analyze subcellular structures within organs, providing diagnostic information without invasive procedures like tissue collection. By shining white light on cellular structures and analyzing the reflected and absorbed wavelengths, this method can distinguish between malignant and benign cysts in the pancreas. Unlike traditional methods that require tissue sampling, this so-called Virtual Biopsy Approach uses a tiny fiber optic probe connected to a broadband light source. By analyzing the reflected photons with an algorithm, real-time diagnostic results can be obtained without puncturing the cyst. This non-invasive technique could eliminate the need for painful and risky punctures and provide immediate results, which helps physicians quickly identify whether a cyst is cancerous or not without waiting for lab analyses. Clinical studies have reported the accuracy of this technique in identifying cysts to be as high as 95%.



The technique of light-scattering spectroscopy has the potential to enhance the early detection of pancreatic cancer, especially in cases involving cysts. This technology could revolutionize the diagnosis and management of pancreatic cancer in clinical settings by providing real-time diagnosis and replacing invasive procedures with non-invasive approaches. However, additional research and validation are required to refine this technique and make it more widely available for clinical use.



Laser Raman Spectroscopy (LRS) is a technique that uses light to differentiate between normal and malignant breast tissue. It is used to diagnose cancer during surgery. Precise and real-time analysis of Raman spectra can be achieved using statistical and machine-learning strategies. LRS is increasingly used in oncogenic diagnostics, but most algorithms fail to provide the two critical pieces of information the surgeon requires: the probability that the tissue classification is correct and the expected error in that probability. Stochastic backpropagation artificial neural networks trained using human experts and a classification algorithm can provide this information. This approach can help identify the additional contextual data needed to improve network classification performance and increase the correctness of the diagnosis.




3.8. Pancreatic Cancer and Microbiome Interaction


The microbiome, specifically the gut microbiome, has been increasingly recognized for its potential role in the pathogenesis of pancreatic cancer. Studies have indicated that alterations in the microbiota composition, known as dysbiosis, may influence the development, progression, and prognosis of Pancreatic cancer. The Human Microbiome Project has shed light on the impact of microbial communities on human health and disease, including cancer [103]. Advanced biological technologies such as high-throughput sequencing, transcriptomics, and metabolomics have enabled researchers to gain a deeper understanding of the role of the microbiome in pancreatic cancer [104,105]. Studies have shown that the interplay between the gut, urinary, and intra-pancreatic microbiome signatures can lead to local and systemic inflammation, immune responses, and the progression of pancreatic cancer. Certain microbial species and their metabolites have been shown to promote pancreatic cancer through mechanisms such as genotoxin-mediated mutagenesis or by fostering tumor-promoting inflammation while impairing immune surveillance [106].




3.9. Nanoparticles as Molecular Imaging Agents


The utilization of nanoparticles also holds promise for enhancing the precision of early PDAC detection. A biodegradable fluorescent polyplex nanoparticle has demonstrated a remarkable ability to specifically target the cholecystokinin-B receptor (CCK-BR), which is aberrantly expressed in PanIN lesions [107]. These PanIN lesions are often invisible by conventional imaging methods such as MRI, PET, or CT scans. The NP is constructed by attaching polyethylene glycol (PEG) with gastrin-10 peptide (Ga-10) for CCK-BR targeting and poly-L-lysine, linked to fluorescent Alexa Fluor 647 and 488. The effectiveness of the targeted nanoparticles was assessed in both wild-type mice and KC mice with the LSL-KrasG12D/+; P48-Cre (KC) genotype. Imaging outcomes and selective immunohistochemistry revealed a marked increase in fluorescence from targeted NPs at precancerous lesions in KC mice, especially in groups with advanced PanINs. Importantly, this enhanced fluorescence was not observed in other organs. This finding suggests that the biodegradable fluorescent polyplex NP could be a promising tool for early detection and treatment of PDAC.



The introduction of nanoparticles into the plasma of patients readily binds biomolecules, including proteins, lipids, sugar moieties, nucleic acids, and metabolites, creating a complex entity known as a personalized biomolecular corona (BC). An innovative approach for detecting early PDAC using blood samples, which involves characterizing BC formation through protein binding to Graphene Oxide nanoflakes was proposed [108]. These nanoflakes exhibited low binding affinity to abundant proteins like albumin while keeping strong adsorption to plasma proteins at low concentrations. In this study, Biomolecular Corona–Graphene Oxide components were analyzed via one-dimensional gel electrophoresis and categorized into distinct groups based on their molecular weights. Notably, the results showed that individuals with PDAC exhibited major bands within the 20–30 kDa range, whereas healthy volunteers displayed these bands within the 45–80 kDa range, demonstrating an ROC AUC of 0.96 and an elevated sensitivity of 92% [108]. Overall, these findings highlight the potential of nanotechnology-based approaches for early detection and treatment of PDAC.




3.10. Benefits and Drawbacks of the Pancreatic Cancer Diagnostic Approaches


Computed tomography scans are a type of medical imaging that can provide detailed cross-sectional images of the body. They are helpful in diagnosing pancreatic cancer because they can show the pancreas clearly. CT scans can also help determine if the cancer has spread to other nearby organs, lymph nodes, or distant organs, which is important for staging the cancer. Additionally, CT scans can be used to determine if surgery is a possible treatment option for pancreatic cancer. However, it is important to keep in mind that CT scans involve exposure to ionizing radiation, which can be a risk, especially with repeated scans. Some patients may also be allergic to the contrast dye used in CT scans, which can lead to potential adverse reactions. Finally, it is worth noting that CT scans may have limitations in differentiating between certain types of soft tissues within the body.



Magnetic resonance imaging scans utilize non-ionizing radiation, deemed safer than the ionizing radiation employed in CT scans. An MRI can produce detailed images of the pancreas and the surrounding structures, which can help diagnose and stage pancreatic cancer. It is particularly effective for individuals at high risk of pancreatic cancer or when searching for more minor metastatic spots in the liver. However, MRI machines may not be as widely available as CT scanners, which may cause delays in imaging. MRI scans usually take longer than CT scans, which can be challenging for some patients. Patients with specific metal implants or devices may be unable to undergo an MRI scan due to interference issues.



Endoscopic Ultrasound is a medical procedure more accurate than abdominal ultrasound in diagnosing and staging pancreatic cancer. It offers detailed imaging without significant surgery and allows doctors to obtain tumor biopsy samples during the procedure, aiding in definitive diagnosis. However, EUS still involves passing an endoscope through the digestive tract, which carries some risks. The accuracy of EUS may depend on the skill and experience of the endoscopist performing the procedure. Although rare, complications such as perforation or infection are possible with EUS procedures.



New techniques for diagnosing pancreatic ductal adenocarcinoma have the potential to significantly enhance the accuracy of traditional detection methods and reduce some possible negative effects. However, before these techniques can be widely used in clinical practice, further development and testing is needed. The use of nanotechnology can greatly improve the accuracy of diagnostics and prevent some of the limitations of conventional methods. Although they are being developed and tested, their applications are still in the early stages.





4. Treatment Options for Pancreatic Cancer


The treatment of pancreatic cancer usually involves a combination of surgery, chemotherapy, radiation therapy, and other supportive measures (Figure 2). The goal of treatment is to remove the cancer, alleviate symptoms, and prolong survival.



Surgery is the primary treatment for pancreatic cancer when the tumor is localized and has not spread extensively. The most common surgical procedure is the Whipple procedure, which involves the removal of the head of the pancreas, the gallbladder, part of the small intestine, and nearby lymph nodes [109].



Chemotherapy uses drugs to kill cancer cells or stop them from growing. It is often used in combination with radiation therapy and surgery to increase the effectiveness of treatment. Chemotherapy can be administered intravenously or orally and may be given before or after surgery. Targeted therapies focus on specific characteristics of cancer cells, such as proteins or enzymes, to inhibit their growth and spread. This treatment option is often used in advanced stages of pancreatic cancer or when other treatments have failed [110].



Radiation therapy uses high-energy rays to destroy cancer cells. It can be used alone or in combination with surgery and chemotherapy. Radiation therapy can be delivered externally, where a machine targets the cancer cells from outside the body, or internally, where radioactive material is placed directly into the tumor [111,112]. In addition, laser therapy, specifically femtosecond laser irradiation, shows promise as a potential treatment for cancer and other diseases [113]. The effects of femtosecond laser irradiation were investigated on cancer cells using the T47D cell line as an in vitro model [114]. To conduct the study, cells were exposed to femtosecond laser irradiation at various wavelengths (UV, visible, and IR) at a constant power of 100 mW. Cell viability was measured directly and 24 h after femtosecond laser irradiation using an MTT assay. The results showed that femtosecond laser irradiation significantly inhibited breast cancer cell growth directly or 24 h after femtosecond laser exposure. Furthermore, the 420 and 440 nm wavelengths also demonstrated significant effects on cell viability. Notably, the 380 and 400 nm wavelengths, which were particularly effective, reassured us about the precision of the treatment. It was also observed that increasing exposure time enhanced the observed effect, with 10 min of exposure time being the most effective. However, the 700, 720, 750, and 780 nm wavelengths did not significantly affect cell viability with different exposure times. In conclusion, our study suggests that femtosecond laser irradiation could be a highly precise and effective treatment option for managing cancer.



Immunotherapy helps the immune system recognize and attack cancer cells. It is a relatively new treatment option for pancreatic cancer and has shown promise in some cases. However, its efficacy in pancreatic cancer is highly limited by the peculiar features of the pancreatic tumor microenvironment compared to other malignancies [115]. Consequently, a combination of immunotherapy and targeted therapy designed to suppress the resistance of tumor microenvironment may be a fascinating treatment approach.



Photodynamic therapy (PDT) has emerged as a promising treatment option for pancreatic ductal adenocarcinoma or pancreatic cancer. The therapy involves using a photosensitizing agent, activated by light of a specific wavelength, to destroy targeted tissue selectively. In the case of PDAC, PDT has shown the potential to produce local necrosis in pancreatic tumors with acceptable morbidity. This minimally invasive treatment modality holds promise for effective treatment of pancreatic cancer, offering hope for improved outcomes and quality of life for patients suffering from this challenging disease. However, the effectiveness of PDT is limited by factors such as poor tumor selectivity, limited light penetration depth, and oxygen dependence. To overcome these challenges, researchers are exploring various strategies like finding new photosensitizers with higher photodynamic conversion efficiency, designing tumor-targeted PS, and using PDT-based combination therapies. These approaches aim to improve the overall efficiency of PDT for solid tumor treatment [116].



Supportive care involves managing symptoms, side effects, and the patient’s overall well-being. Such care can include pain management, nutrition, and psychological support [117].



It should be stressed that it is difficult to make future decisions about which patients with adjuvant agents (patients with extracellular vesicles) should receive. Most tumor boards do not consider stroma density when choosing adjuvant agents. The authors suggest addressing this issue by using artificial intelligence. Multiple modalities, including whole genomic sequencing, radiomic, and pathomic analysis, can be used to achieve personalized medicine.



Genomic integration with pathomic analysis is a technique that combines genetic information with detailed pathology data for a better understanding of diseases at the molecular level. This approach enables healthcare providers to develop more precise diagnosis, prognosis, and treatment strategies tailored to individual patients. Genomic data provides information about an individual’s genetic makeup, including variations in genes that may influence disease susceptibility, progression, and response to treatment. By analyzing genomic data, healthcare providers can identify specific genetic markers associated with certain diseases or drug responses, enabling personalized treatment plans based on an individual’s unique genetic profile. Pathomic analysis involves the study of tissue samples at a microscopic level to characterize disease processes, such as cellular morphology, protein expression patterns, and tissue architecture. Integrating genomic data with pathomic analysis allows for a deeper understanding of how genetic alterations manifest at the tissue level and contribute to disease development and progression. The integration of genomic and pathomic analysis provides an accurate and early diagnosis of various diseases by identifying specific genetic mutations and pathological changes related to different conditions. By merging genomic and pathomic data, healthcare providers can develop personalized treatment plans that target the underlying molecular mechanisms of a disease, resulting in more effective therapies with fewer side effects. The combination of genomic and pathomic information offers valuable insights that can predict disease outcomes based on both genetic factors and tissue characteristics, allowing for better patient management and monitoring.



Recently, we proposed an individual approach for treating ovarian carcinoma, which can be successfully used for treating other cancers, including PDAC [118]. This approach includes the analysis of the expression of genes responsible for the development and progression of the selected cancer type and cancer cell resistance to chemotherapy. As the result of the measurement in tumor samples, the expression of genes/proteins involved in these processes, a mixture of nanoparticle-based tumor-targeted delivery systems containing siRNAs targeted to these proteins is selected and used for cancer chemotherapy. The results of pre-clinical in vivo evaluation of the approach showed the efficacy of the individual personalized treatment (selection of drugs/siRNAs based on the individual tumor genetic profile) when compared with traditional chemotherapy (one drug fits all) or precision (selection of drugs based on average characteristics of the population) treatment.



In the past decade, radiomics has been the focus of many studies that showcase its potential through retrospective proof-of-concept research [119]. However, most of these studies employed non-replicable and heterogeneous methods, resulting in varied outcomes. For radiomics to prove its clinical impact, it has to now shift towards open-science and independent databases and adopt standardized practices as recommended by the Image Biomarker Standardization Initiative. Additionally, researchers must explore innovative research paths incorporating other ‘-omics’ data to better understand the relationships between imaging of STS, gene-expression profiles, and tumor microenvironment. Recently, the computational pathology research community has shifted its focus from replicating pathologists’ diagnostic processes to discovering and unlocking “sub-visual” prognostic image cues from histopathological images [119,120]. As our knowledge and experience in digital pathology grow, the emerging goal is to integrate other omics or modalities to create a better prognostic assay. Some authors have proposed using artificial intelligence, specifically multiple modalities, including whole genomic sequencing, radiomic, and pathomic analysis, as a path toward personalized medicine. In recent years, machine learning and pathomics pipelines have improved cancer diagnostics and prognostics for entities like breast and prostate cancer. The initial step in these pipelines is to identify and segment the tumor area, usually performed automatically to save time. Therefore, a multi-task convolutional neural network that can balance disease detection and segmentation accuracy was proposed [121].



In this manuscript, we will focus on discussing potentially effective treatment mechanisms of PDAC, particularly emphasizing using targeted drug delivery systems for these purposes.




5. Targeted Mechanisms and Pathways


Analysis of completed, ongoing, and planned clinical trials devoted to treating PDAC allowed us to select the most promising therapeutic targets, mechanisms, and approaches for effective chemotherapy of PDAC [110]. The primary targeted mechanisms, pathways, and approaches are briefly summarized in Figure 3, created based on the data presented in [110]. The main goal of chemotherapy is to induce cancer cell death with a toxic agent and, if possible, simultaneously suppress mechanisms that are responsible for the efflux of a toxic substance and repair damages caused by the drug as well as its detoxification. Previously, we termed these two primary mechanisms of cancer resistance to chemotherapy as pump and nonpump resistance, respectively [122,123,124,125,126,127,128,129,130]. Although the suppression of pump and nonpump resistance in cancer cells alone may, to some extent, induce cancer cell death, it should be however stressed that the maximum chemotherapy efficacy can be achieved only by the simultaneous induction of cell death and suppression of resistance mechanisms. Such a two-pronged attack can rarely be achieved by one cytotoxic agent, which requires a multifunctional and multicomponent system that includes a cell death inducer and one or more suppressors of cancer cell resistance. The nanotechnology approach provides an effective way of achieving such a multi-pronged task by including several active ingredients in one or several complex systems [123]. It should also be stressed that such complex multifunctional anticancer systems possess extremely high cytotoxicity. Therefore, only a local or targeted delivery of such biologically active agents, specifically to pancreatic cancer cells, can significantly enhance the treatment efficacy and limit adverse side effects on healthy cells and tissues. Below, we will briefly discuss possible therapeutic targets and treatment approaches to suppress cell resistance to chemotherapy in PDAC based on the literature data [110,131,132,133,134].



5.1. Targeting DNA Repairing


DNA damage response pathways are critical in maintaining genomic stability and repairing DNA damage caused by internal or external impacts. Because the main mechanism of cell death induction by many chemotherapeutic agents is DNA damage, repair DNA damages caused by a chemotherapeutic toxic agent represents the major player in nonpump resistance of many types of cancers, including PDAC. Consequently, the suppression of such processes represents a potentially effective approach to enhancing the efficacy of the treatment of PDAC. Because the primary mechanism of cell death induction by many chemotherapeutic agents is DNA damage, repair of DNA damages caused by a chemotherapeutic toxic agent represents the major player in nonpump resistance of many types of cancers, including PDAC. Consequently, suppressing such processes represents a potentially practical approach to enhancing the efficacy of the treatment of PDAC. The inhibition of following targets is being explored to suppress DNA repair mechanisms in PDAC: PARP—Poly (ADP-ribose) polymerase; ATM—Ataxia Telangiectasia Mutated; ATR—ataxia telangiectasia and Rad3-related protein; DNA-PK—DNA-dependent protein kinase; CHK1/2—Checkpoint kinase ½, Wee1—the Scottish dialect word wee, meaning small—a nuclear kinase belonging to the Ser/Thr family of protein kinases.




5.2. Targeting Epigenetic Alterations


Epigenetic alterations refer to gene expression or function changes that do not involve modifications to the DNA sequence itself [135]. Epigenetic alterations play a crucial role in the pathogenesis of pancreatic cancer. These changes on the DNA level include DNA hyper and hypomethylation, reduced acetylation, histone modifications, and loss-of-function mutations in non-coding DNA, leading to abnormal chromatin structure (Figure 4). Such alterations can also include non-coding RNA regulation. Aberrant epigenetic modifications can lead to the overexpression or silencing of tumor suppressor genes and oncogenes, resulting in uncontrolled cell growth, invasion, and metastasis [136,137,138,139,140].



Several types of biological molecules involved in epigenetic alterations have been explored as potential targets for the treatment of pancreatic cancer, including miRNAs (MicroRNA), DNMTs (DNA methyltransferases), HATs, and HDACs (histone deacetylase and histone acetyltransferases), bromodomain proteins. MicroRNAs are non-coding RNAs interacting with mRNA, leading to degradation or reduced translation [142]. miRNAs regulate and are regulated by several vital pathways that involve cell differentiation, proliferation, and apoptosis [143]. DNA methyltransferase 1 (DNMT1) is required for DNA methylation during replication [144]. It was found that pancreatic cancer stem cells demonstrated hypermethylation via DNMT1 upregulation, and the suppression of DNMT1 in pancreatic stem cells reduced their self-renewal and in vivo tumorigenic potential [145]. Inhibition of histone deacetylase and histone acetyltransferases leads to increased or decreased histone acetylation, respectively, reactivates tumor suppressor gene expression, suppresses proliferation in cancer cells, and induces apoptosis [146]. The bromodomain (BRD) and extra terminal domain (BET) families of proteins recognize acetylated lysine residues and regulate molecular interactions in transcriptional control. Suppressing some members of this protein family also led to the death of PDAC cells [147]. In summary, affecting epigenetic alterations represents a promising strategy for treating PDAC. However, their application required additional investigation and an individual approach with stratification of patients by the expression of the mentioned proteins alone with the limitation of severe adverse side effects of their inhibitors.




5.3. Targeting Key Signaling Pathways


Numerous inhibitors of signaling pathways have been tested for cancer treatment [110]. Their main targets include the following protein families: (1) KRAS, PI3K, mTOR—Kirsten rat sarcoma virus, Phosphoinositide 3-kinases, mammalian target of rapamycin; (2) TP53—tumor protein 53; (3) SMAD4—The abbreviation refers to the homologies to the Caenorhabditis elegans SMA (“small” worm phenotype) and MAD family (“Mothers Against Decapentaplegic”) of genes in Drosophila; (4) EGFR, HER2, FAK, BTK—epidermal growth factor receptor, human epidermal growth factor receptor 2, focal adhesion kinase, Bruton’s tyrosine kinase, proteins involved in tyrosine kinase signaling pathways. These signaling pathways are governed or closely involved in regulating proliferation, survival, and metastases in many cancer cells, including PDAC. However, such key signaling pathways are active in normal cells. Consequently, systemic delivery of drugs and biologicals targeted to these pathways can potentially induce severe side effects upon healthy organs, tissues, and cells. The application of nanotechnology approaches that allow for targeted delivery of active substances directly to the PDAC may augment their anticancer efficacy and limit the adverse side effects.




5.4. Targeting the Tumor Microenvironment and Related Metabolic Reprogramming


One of the key factors contributing to the poor prognosis of pancreatic cancer is its complex tumor microenvironment (TME). The TME plays a crucial role in the development and progression of pancreatic cancer by providing a protective shield for tumor cells, supporting angiogenesis, and promoting metastasis. This complex environment consists of various cell types, including cancer-associated fibroblasts, immune cells, endothelial cells, and tumor-associated macrophages. These cells interact with tumor cells and the extracellular matrix, leading to the reprogramming of tumor cell metabolism and the formation of a supportive niche that facilitates tumor growth and progression. Consequently, targeting the TME as well as metabolic reprogramming has emerged as a promising strategy for improving the efficacy of pancreatic cancer treatment [148,149,150,151].



Due to their specificity, biocompatibility, and ease of production, nanoscale-targeted drug carriers are a promising solution for preventing immune escape and improving the antitumor immune response at various phases of tumor growth and inhibition pathways in the TME [152,153]. Through a tissue microarray analysis, it was discovered that there were significant differences in the number of bacteria found in tumors versus normal tissues. To target these bacteria, researchers developed mesoporous silica nanoparticles decorated with bacterial lipoteichoic acid (LTA) antibodies (LTA-MSNs), which could be used to deliver antitumor drugs [154]. The LTA-MSNs were able to target bacteria in tumors precisely. In mice with different types of cancer, the intravenous administration of the bacteria-targeted nanoparticles demonstrated a high tumor-targeting ability. This bacteria-guided tumor-targeting strategy has excellent potential for differential drug delivery and cancer treatment.



On the other hand, using live bacteria that target tumors provides a unique and effective therapeutic option for cancer treatment [155]. These bacteria have versatile capabilities for suppressing cancer, which makes them stand out from other therapies. They accumulate and proliferate within tumors, where they can initiate antitumor immune responses. Moreover, they can be programmed via genetic manipulation or synthetic bioengineering to produce and deliver anticancer agents based on clinical needs. This therapeutic approach using live tumor-targeting bacteria can be applied as a monotherapy or combined with other anticancer therapies to achieve better clinical outcomes.




5.5. Targeting Immune Regulatory Networks


The tumor microenvironment in pancreatic cancer is a complex environment that is characterized by the presence of various immunosuppressive cell populations. These cells play a crucial role in cancer cells’ immune evasion and resistance to therapy. Some critical immunosuppressive cell populations in pancreatic cancer and their main functions are presented below [156].



5.5.1. Tumor-Associated Macrophages (TAMs)


TAMs are derived from monocytes that infiltrate the tumor and differentiate into macrophages. Cytokines and growth factors produced by these cells contribute to tumor development, angiogenesis, and metastasis.




5.5.2. Myeloid-Derived Suppressor Cells (MDSCs)


MDSCs are a heterogeneous population of immature myeloid cells that suppress adaptive and innate immune responses. Their accumulation in TME produces immunosuppressive cytokines and reactive oxygen species that inhibit the activation and function of T cells.




5.5.3. Neutrophils


Neutrophils are the most abundant white blood cells in the human body and are known to have both pro- and antitumor effects. In pancreatic cancer, neutrophils, however, exhibit an immunosuppressive phenotype that promotes angiogenesis and metastasis.




5.5.4. Regulatory T Cells (Tregs)


Tregs are a subset of T cells that suppress immune responses and maintain self-tolerance. As a result of the accumulation of Tregs in the TME of pancreatic cancer, immune evasion is promoted by suppressing the activation and function of effector T cells.



Various strategies have been developed to target immunosuppressive cell populations in pancreatic cancer and enhance the immune response against tumors [157,158]. Some of these strategies include [115,158,159]:




	
Immunotherapy: Immunotherapy involves using agents that stimulate or modulate the immune system to recognize and attack cancer cells. By blocking the inhibitory signals cancer cells use to evade the immune system, checkpoint inhibitors, such as anti-PD-1 and anti-CTLA-4 antibodies, have shown promise in treating advanced pancreatic cancers.



	
Combination Therapies: Combining immunotherapy with chemotherapy, radiation therapy, or targeted therapies enhances the immune response against tumors and improves patient outcomes.



	
Targeting Immunosuppressive Cell Populations: Strategies for inhibiting or depleting immune suppressive cell populations, such as TAMs, MDSCs, neutrophils, and Tregs, have been developed and verified in clinical trials.



	
Immunomodulatory Agents: The use of immunomodulatory agents, such as cytokines and costimulatory molecules, is being explored as a potential treatment for pancreatic cancer to enhance the immune system’s antitumor activity.








Overall, the TME of pancreatic cancer is characterized by a highly immunosuppressive environment that promotes immune evasion and resistance to therapy. Understanding the complex interplay between cancer cells and immunosuppressive cell populations is crucial for developing effective treatment strategies. The use of immunotherapy, combination therapies, targeting immunosuppressive cell populations, and immunomodulatory agents holds promise for improving patient outcomes in advanced pancreatic cancer. The intricate microenvironment, invasive characteristics, and immunosuppressive nature of PDAC tumors make it very challenging for effective drug delivery. Standard treatments only offer modest improvements in overall survival and patient quality of life. Targeted treatment strategies could potentially improve the delivery of medications to tumor sites and lead to better therapeutic outcomes. Nanotechnology has the potential to help deliver these treatment agents specifically to pancreatic cancer cells to enhance the efficacy of treatment and limit adverse side effects on healthy organs, tissues, and cells.






6. Nanotechnology Approaches for Treating Pancreatic Cancer


Nanoparticles have gained significant attention in medicine due to their potential for delivering therapeutic agents. Nanoparticles for drug delivery offer several advantages, including enhanced drug solubility, improved drug stability, targeted delivery, and reduced systemic toxicity. One of the main advantages of using nanoparticles for drug delivery is their ability to improve the solubility of poorly soluble drugs. Many therapeutic agents, particularly in cancer treatment, have limited solubility in water, which can hinder their effectiveness when administered through traditional methods. Nanoparticles can encapsulate these drugs, increasing their solubility and bioavailability, thereby improving their therapeutic efficacy. Furthermore, nanoparticles can enhance the stability of therapeutic agents. Some drugs are susceptible to degradation or inactivation when exposed to physiological conditions or enzymatic activity. Encapsulating these drugs within nanoparticles can improve their stability, leading to a longer shelf life and better preservation of their pharmacological activity. In addition, nanoparticles enable targeted drug delivery to specific sites within the body. Through surface modifications and functionalization, nanoparticles can be designed to selectively accumulate in diseased tissues or cells while minimizing exposure to healthy tissues. This targeted approach improves the therapeutic outcome and reduces the potential for off-target effects and systemic toxicity. Moreover, using nanoparticles allows for the controlled release of therapeutic agents over an extended period. By engineering the properties of nanoparticles, such as size, shape, and composition, drug release kinetics can be tailored to achieve sustained and controlled release profiles. This controlled release mechanism can optimize drug concentrations at the target site and minimize the frequency of administration.



It should be stressed that the application of nanoparticle-based drug delivery for treating pancreatic cancer has attracted considerable attention and research efforts in recent years. More than a thousand papers on this topic have been published in recent years [160]. The main nanotherapeutic approaches focus on nanoparticle-based delivery systems that improve the effectiveness of PC immunotherapy [161,162] and the application of various drug delivery systems for improving pharmacokinetic properties and anticancer efficacy of known and novel drugs [163]. However, despite a considerable number of publications on this field of research, only limited types of nanoparticle-based drugs have reached clinical trials with limited therapeutic success. Nevertheless, in our honest opinion, only the application of tumor-targeted multifunctional drug delivery systems has the potential to overcome challenges in the effective treatment of PDAC and to prevent adverse side effects on healthy organs, tissues, and cells. Targeting nanoparticles to pancreatic cancer cells can also avoid their entrapment by macrophages and prevent immunological and inflammatory processes associated with phagocytosis [164]. Consequently, here we will discuss how different types of nanoparticles can be used for the delivery of therapeutic drugs and nucleic acids with a specific focus on targeting mechanisms and potential plasma membrane receptors and other molecules which ligands can potentially serve as targeting moieties to deliver drugs specifically to the PDAC cells in order to utilize described above mechanisms.



6.1. Nanoparticles


By definition, colloidal particles that fall within the range of 1 nm to 1000 nm in size are nanoparticles (Figure 5) [15]. They cannot be seen by the naked eye, cannot be separated by filtration, and have a size comparable with the wavelength of visible and ultraviolet light, bacteria, phages, proteins, and small molecules. However, the lower limits of micro- and nanoparticles remain vague, and nanoparticles smaller than 500 nm are generally preferred for therapeutic purposes [15]. Over the past few decades, nanoparticles have been thoroughly investigated because of their enormous potential for improving drug delivery. Generations of nanoparticle drugs have been created for cancer therapy, beginning with Doxil (PEGylated Liposomal Doxorubicin). Developed by Janssen for ovarian cancer and Kaposi’s sarcoma, it was a breakthrough when the FDA approved it in 1995, leading to more advances in this area [165]. Nanoparticle-based drug delivery systems contain various platforms, including polymer nanoparticles, dendrimers, lipid-based nanoparticles, nanospheres, and magnetic nanoparticles, offering numerous advantages for diagnosis, imaging, and therapy (Figure 6). These highly versatile systems can be tailored for active targeting and functional modifications like tumor-penetrating, enhancing drug accumulation in target areas, and improving overall efficacy. Their higher drug loading capacity reduces the necessary dosing frequency, thereby minimizing toxicity and adverse effects.



Classifying nanoparticles is essential for understanding their behavior, applications, and potential risks [166]. Nanoparticles can be classified based on various factors such as their composition, size, shape, and surface properties (Figure 6). It should be emphasized that the above classification is somewhat subjective, does not claim to be complete, and represents only one version. Nevertheless, a detailed understanding of nanoparticles’ structure and various modifications is critical for further discussion of the problem of use for therapeutic purposes and for the treatment of prostate cancer. Nanoparticles can be made using various materials. It is logical to categorize their chemical structure into three main classes: polymeric, inorganic, and lipid-based (Figure 6). They also can be made from any combination of these materials, forming composite structures. The internal structure of nanoparticles from each class can vary substantially from simple geometries like gel, metal, or lipid spheres to more complex designs like dendrimers and porous or nanostructured nanoparticles. As a result, such structures (or their combinations) can form nanoparticles of different overall shapes, including spheres, cubic structures, rods, tubes, and hexagonal or more complex shapes. In addition, the chemical composition of the materials making up the nanoparticles can be chosen to have a negative or positive surface charge. Such a charge can be constant or change its magnitude or sign depending on environmental conditions (temperature, pH, and several other factors). Charged nanomaterials can be used to form more complex structures (for example, for conjugation with nucleic acids for delivery of the latter) or directly to control the mechanisms of intracellular delivery, increase their toxicity, and several other applications [9,10,12,13,14,15]. In addition to surface charge, other modifications to the outer surface of nanoparticles can be used. In particular, modification of the surface of poly(ethylene glycol) (PEG) furnishes the so-called STEALTH properties by dramatically reducing the capture of microparticles by the endothelial system, protecting them from rapid destruction on the way to the final site and increasing the circulation time of these particles in the blood [165]. Several ligands can also be straightly attached to the nanoparticle’s surface or through a linker for active targeting and functional modifications like tumor-penetrating, enhancing drug accumulation in target areas, and improving overall efficacy [11,12,13,20,21,22,128,159,167]. Various carbohydrates, antibodies, and other molecules can be used to increase nanoparticle specificity.




6.2. Lipid-Based Nanoparticles


6.2.1. Liposomes


Liposomes are one of the most researched nanoparticles ever since their discovery by Alec Bangham in the 1960s [168]. Liposomes are spherical nanoparticle vesicles made of lipid bilayers formed by self-assembly of amphiphilic and biocompatible phospholipids such as soy PC (soy phosphatidylcholine), egg PC (egg phosphatidylcholine), DSPE (1,2-distearoylsn-glycero-3-phosphoethanolamine), HSPC (hydrogenated phosphatidylcholine from soybean lecithin), and DSPC (1,2-distearoyl-glycero-3-phosphocholine), among others [169,170]. While the hydrophobic tails group with one another, the hydrophilic head groups point toward the inner core and aqueous environment, encapsulating hydrophilic drugs within their internal core and lipophilic drugs between their lipid bilayers. Numerous excipients, including steroids, polymers, and membrane proteins, can change liposome permeability, stability, fluidity, and drug-release properties [171]. As mentioned above, they can also evade the RES through surface modifications like PEG conjugation, and active targeting can be accomplished by coupling ligands to cell surface receptors (Figure 6). Due to their biocompatibility, biodegradability, and versatility, liposomes have found numerous potential applications for drug delivery and gene delivery.



Onivyde, or pegylated liposomal irinotecan (topoisomerase I inhibitor), was approved by the FDA back in 2015 to be used as a second-line treatment for metastatic PDAC, specifically for stages after gemcitabine therapies, in conjunction with fluorouracil and leucovorin [28]. A feasibility study on patients with advanced solid tumors revealed that the concentration of SN-38, the active metabolite of irinotecan, is about five times higher in tumors than in plasma at 72 h (p = 0.013) [172]. A preclinical study comparing liposomal and unencapsulated forms of irinotecan found that the peak plasma levels of irinotecan were ten times higher with the liposomal form than with the unencapsulated form. However, in contrast, the peak levels of SN-38 were ten times lower when liposomal irinotecan was used. The results suggested that before being released from liposomes, a large amount of irinotecan can be held internally and prevented from converting into SN-38 by carboxylesterase (CES) enzymes. Furthermore, high intratumoral concentrations of irinotecan and SN-38 were observed after 168 h following the administration of liposomal form. In contrast, over 90% of irinotecan was cleared from tumors within 24 h after injection of free drug. According to the team’s definition, SN-38 duration refers to the amount of time that the concentration of SN-38 remains at or above 120 nmol/L to maintain its antitumor effects. Compared to unencapsulated irinotecan, liposomal irinotecan has a significantly longer tumor SN-38 duration of over 100 h than the 40 h of unencapsulated irinotecan. This prolonged duration leads to an extended exposure to tumor cells, resulting in enhanced antitumor activity and response to treatment [173]. In the following NAPOLI-1 phase III study, 417 gemcitabine refractory mPDAC patients were treated with liposomal irinotecan alone or in combination with fluorouracil plus folinic acid, as compared to treatment with only fluorouracil plus folinic acid. The combined therapy reached a median overall survival of 6.1 months, outcompeting the 4.2 months of fluorouracil plus folinic acid [174]. In 2023, a NAPOLI-3 phase III trial report investigated the therapeutic effects of NALIRIFOX (combination of liposomal irinotecan, oxaliplatin, leucovorin, and fluorouracil) vs. nab-paclitaxel plus gemcitabine. Notably, NALIRIFOX outperformed nab-paclitaxel plus gemcitabine, showing a median overall survival rate of 11.1 months as opposed to 9.2 months, reducing the risk of death by 27% (hazard ratio 0.83) [175]. A US-based institutional report found that patients who were given NALIRIFOX as their second-line treatment after gemcitabine-based therapy had a better outcome. Their median OS was 23 months, and their median PFS was 4.8 months, which was noticeably longer than the patients who received NALIRIFOX as their third-line or later treatment after receiving gemcitabine-based therapy, who had an OS of only 4.1 months and a PFS of only 2.2 months. The results indicated that using NALIRIFOX at earlier stages may significantly improve survival outcomes. Importantly, NALIRIFOX had lower grade 3–4 treatment-related hematological adverse effects like neutropenia, anemia, and peripheral neuropathy than nab-paclitaxel plus gemcitabine despite having more instances of GI disorders like diarrhea and vomiting.aken together, liposomal therapeutic approaches like Onivyde hold great potential as a primary treatment option for patients with a manageable safety profile.




6.2.2. Solid Lipid Nanoparticles


Solid lipid nanoparticles (SLNs) are one of the most extensively studied lipid-based nanoparticles. SLNs are colloidal systems consisting of a hydrophobic solid core surrounded by a phospholipid monolayer dispersed in an aqueous surfactant solution or water [176]. SLNs were developed as an advanced colloidal system to overcome some limitations of conventional nanoparticles such as liposomes, (micro)emulsions, and polymeric nanoparticles, designed to prolong drug release, enhance cellular absorption, increase the availability of therapeutic compounds, decrease drug resistance, and ultimately boost the effectiveness of the therapy. A key advantage of SLNs is that their preparation does not require organic solvents, significantly reducing toxicity. Moreover, the improved synthesis process involving high-pressure homogenization is more cost-effective and effortless to scale up for more extensive production. Unlike liquid phase encapsulation in liposomes, solid core offers enhanced stability and superior release control by entrapping drugs inside. The hydrophobic nature provides better accommodation for drugs with poor aqueous solubility, which accounts for a significant part of newly developed therapeutic agents on the market. By exploiting different synthetic techniques and lipid materials, both hydrophilic and lipophilic drugs can be incorporated into SLNs to create intricate complexes such as homogeneous matrices of solid solutions, drug-enriched shells, or drug-enriched cores [176]. SLNs enable precise delivery of drugs and genes, allowing for specific and regulated release, which can benefit various applications. A recent study proposed a formulation encapsulating nimesulide, an NSAID and potential inhibitor of the KRAS/PTEN signaling pathway, in SLNs. This method aims to boost bioavailability, reduce hepatotoxicity, and inhibit cell growth in PanIN cells by increasing PTEN levels [177]. In order to improve the efficacy of the PDAC standard treatment drug gemcitabine, a 2019 study evaluated the impact of a gemcitabine-loaded SLN (Gem-SLN) on MiaPaCa-2 and patient-derived primary pancreatic cancer cell lines (PPCL-46). The study found that Gem-SLN demonstrated a significantly lower IC50 than gemcitabine hydrochloride (GemHCl) treatment in both cell lines. The improvement was especially notable in the PPCL-46 group, where the IC50 values were reduced by 4.67-fold in 2D and 3.65-fold in 3D cell culture models, demonstrating its superior anticancer activity [178]. SLN particles are also effective in reversing multidrug resistance (MDR) by using different cellular entry mechanisms than those employed by drug-sensitive cells. Paclitaxel-loaded SLNs (Ptx-SLN) were tested for their antitumor activity and cellular uptake in drug-sensitive MCF-7 and MDR MCF-7/ADR human breast cancer cell lines [179]. The results showed that Ptx-SLN significantly reduced the survival rate of chemotherapy-resistant cells compared to paclitaxel delivered in DMSO and Cremophor EL with ethanol. Further investigation into cellular uptake revealed that the intracellular accumulation of Ptx-SLN and Rhodamine-SLN decreased when genistein (Gen), a caveola-mediated endocytosis inhibitor, was used. However, promazine (Cpz), an inhibitor of clathrin-mediated endocytosis, did not change the uptake in MCF-7/ADR cells. Interestingly, no change in SLN uptake was observed in the MCF-7 cell group with either Gen or Cpz. These results suggest that SLN can exploit caveola-mediated endocytosis in MCF-7/ADR cells to reverse drug resistance and enhance drug delivery, ultimately improving antitumor efficacy. Cationic SLN can also form a lipoplex with negatively charged nucleic acids such as si-RNA and DNA, facilitating their transport directly to the tumor site while protecting the genetic material. Complexes combining SLNs, nucleic acid (pDNA or mRNA), the cationic peptide protamine (P), and polysaccharides like DX or HA were successfully created [180]. The research demonstrated that DOTAP-based cationic SLNs, due to their high stability and effective transfection, are promising as a non-viral vector for gene delivery, outperforming other lipid-based formulations with lower positive charges. These findings highlight the potential of SLNs as a promising approach to treating pancreatic cancer.




6.2.3. Nanostructure Lipid Carriers


Nanostructured lipid carriers (NLCs) represent the second generation of solid lipid nanoparticles (SLNs), inheriting the benefits of SLNs while offering additional advantages. Studies have found that SLNs face challenges like the unintentional formation of different colloidal structures (e.g., micelles, liposomes) and drug nanocrystals during production and stability issues due to the complex physical states of lipids, leading to problems like gelation, drug expulsion, and particle size growth during storage or administration [181]. Particularly, SLNs are formulated with similar solid lipids that form a dense, orderly crystal network, which can limit the space available for drug molecules and reduce drug loading capacity. These lipids can undergo polymorphic transitions in favor of a more stable, low-energy crystalline form, potentially leading to drug leakage from the SLN matrix and affecting their stability, which can have profound stability implications [182]. NLCs, on the other hand, are composed of both solid and liquid lipids, creating a less dense structure and more disorganized structure without crystallizing, allowing NLCs to hold more drug molecules and reducing the risk of expulsion [183]. Depending on the nature of the solid and liquid lipid mixture, different types of NLCs can be obtained, including the imperfect structured solid matrix, the structureless solid amorphous matrix, and the multiple oils in solid fat in water (O/F/W) type.



Recent studies have demonstrated that NLCs perform more exceptionally than conventional formulations in delivering anticancer drugs and therapeutic-related hydrophobic peptides and proteins, particularly in treating PDAC. An NLC-based formulation for co-delivering gemcitabine and baicalein using HA as the targeting moiety, with the therapeutic agents being held in the core and HA covering the surface of the NLC shell, was successfully created [184]. The encapsulation efficiency of GEM and BCL reached 85.1% and 82.9%, respectively. In tests using mice models bearing human PDAC (AsPC-1 cells) tumors, the HA-targeted group demonstrated a superior antitumor effect compared to the free drug groups and the untargeted NLC group. As HA is abundantly present in the ECM of pancreatic tumors, targeting therapeutic agents through HA can effectively penetrate the tumor stroma. It may even aid in reducing the elevated IFP associated with HA. Notably, both cationic and neutral NLCs can deliver negatively charged substances like RNAs and DNAs, providing possibilities for gene therapies. Several studies show that NLC-based delivery systems are effective for delivering miRNAs for cancer treatment, including lung cancer and hepatocarcinoma, particularly when used in combination therapy [129,185]. These delivery systems exhibit a relatively safe profile, with low occurrences of adverse effects. A versatile NLC-based delivery system has been fabricated, utilizing an LHRH analog as a targeting agent, to transport doxorubicin or paclitaxel along with siRNAs targeting MRP1 mRNA and BCL2 mRNA to lung cancer cells overexpressing LHRH receptors. The NLC system successfully achieved targeted delivery of doxorubicin to cell nuclei while simultaneously confining siRNAs to the cytoplasm. This dual-action approach maximized drug cytotoxicity of anticancer drugs by inhibiting drug efflux pumps and cellular antiapoptotic defense via siRNAs, showing significant antitumor activity by NLC-based delivery systems compared to untargeted groups or unbound drugs [129]. These findings offer valuable insights for the design of more effective cancer treatments, specifically for PDAC.




6.2.4. Lipid–Polymer Hybrid Nanoparticles


Lipid–polymer hybrid nanoparticles were developed to combine the advantages of both polymeric nanoparticles and liposomes. They come in various types, each with specific advantages for different applications. One type is the polymer-core lipid-shell hybrid nanoparticles, which have a partial polymer core covered by a lipid shell. They can hold hydrophobic and hydrophilic drugs, making them suitable for anticancer therapeutics by co-delivering drug-resistance inhibitors and chemotherapeutic drugs [186]. Another type is the core-shell hollow lipid–polymer–lipid hybrid nanoparticles, which have a hollow core with cationic lipid layers. They possess the features of both lipoplexes and PLGA nanoparticles. They can efficiently capture anionic drugs, enabling the co-delivery of negatively charged nucleic acids such as siRNAs and small drugs to overcome drug resistance. Lastly, the polymer-caged liposome hybrid nanoparticles have polymer coatings on the surface of liposomes, which enhances stability and controls the drug release profile. Despite the versatility of hybrid nanoparticles, they possess common attributes, including a polymeric core that is both hydrophobic and hydrophilic for drug encapsulation, a biocompatible lipid shell encompassing the polymeric core, and an outer component comprising a lipid-PEG that is enveloped by a lipid layer. This structural design enhances drug loading and steric stabilization, prolongs in vivo circulation time, prevents immune recognition, and enhances active targeting, thereby enabling their potential use in anticancer therapeutics [186,187].



Several studies have demonstrated the feasibility of using lipid–polymer hybrid nanoparticles for PDAC treatment. Hu et al. successfully created hybrid nanoparticles by conjugating an anti-CEA half-antibody with a lipid–polymer structure. The maleimide-thiol coupling reaction was employed to attach the anti-CEA half-antibody to the lipid-PEG end. The hybrid nanoparticles have exhibited remarkable specificity towards PDAC cells expressing CEA, like BxPC-3 cells, while demonstrating marginal cellular uptake in non-CEA-expressing cells, such as XPA-3. The lipid shell and anti-CEA agents were securely attached to the polymeric core, indicating a highly selective and stable delivery mechanism that may aid in reducing off-target cytotoxicity in non-targeting organs. Furthermore, the targeting formulation has demonstrated more than a twofold increase in therapeutic efficacy, which could have significant implications for cancer treatment [188]. A recent study utilized modified nanoparticles to deliver two drugs, si-HIF1α and Gemcitabine, to PDAC tumor cells. The researchers employed PEGylated lipid bilayer-coated nanoparticles modified with ε-polylysine co-polymer, which possesses a positive charge for attaching ionic si-HIF1α on the surface. The hydrophilic core of the nanoparticles could retain gemcitabine, while the lipid bilayer prevented drug leakage. Furthermore, the surface charge of the nanoparticles could be flipped to prevent particle aggregation and degradation of siRNA, which also reduces serum protein absorption in vivo. The findings indicate that compared to the formulation without lipid cover, LENP-Gem-siHIF1α exhibited superior inhibitory effects against tumor growth, a better ability to avoid innate immune responses, and improved stability and prolonged circulation time in the bloodstream [189]. The use of hybrid nanoparticles has shown promise in PDAC immunotherapy. Researchers have developed a new method to fight PDAC using a combination of hybrid nanoparticles and chemotherapy. They incorporated phospholipid-indoximod (PL-IND) nanovesicles into a lipid bilayer surrounding mesoporous silica nanoparticles (MSNP) loaded with oxaliplatin (OX). This system induces both innate and adaptive anti-PDAC immunity by causing immunogenic cell death and inhibiting the immunosuppressive indoleamine 2,3-dioxygenase (IDO) pathway. This results in excellent tumor reduction or even elimination by recruiting cytotoxic T lymphocytes and reducing the presence of immunosuppressive Foxp3+ T cells [190].





6.3. Polymeric Nanoparticles


Both synthetic and naturally sourced polymeric materials can be utilized to fabricate polymer nanoparticles. Common synthetic materials used include PLGA, PCL, PEG, poly-n(cyanoacrylate), cyclodextrins, N-(2-hydroxypropyl) methacrylamide (HPMA), and polyamidoamine (PAMAM), similar to those needed for microparticles. Natural materials like gelatin, chitosan, alginate, dextran, heparin, collagen, albumin, and polyhydroxyalkanoates (PHAs), though potentially harder to source and extract, offer advantages like better bioavailability and biodegradability. As a result, they are overall less toxic and easier to eliminate from the body [191]. Polymers have demonstrated great versatility in creating nanoparticle formulations. They can adopt various structures, from traditional linear forms as polymer–drug conjugates to spherical configurations like polymeric micelles [191]. Self-assembled di-block copolymers, which create polymersomes, can encapsulate gemcitabine and erlotinib and be responsive to hypoxia, adapting to the oxygen-deficient microenvironment of PDAC. Additionally, immune-friendly nanocarriers made of polydopamine and Pluronic F127 are designed for easy adjustment of particle size without altering their composition. Furthermore, polymers can hybridize with other materials to create intricate complexes [192].



Besides Onivye, Abraxane stands as one of the only two FDA-approved nanoformulations currently used in clinical practice for the treatment of PDAC [167]. Abraxane, or nab-paclitaxel, is an albumin-stabilized nanomedicine that received FDA approval in 2013 for the first-line treatment of metastatic pancreatic cancer combined with gemcitabine [193]. Animal study outcomes demonstrated that nab-paclitaxel alone and nab-paclitaxel with gemcitabine significantly reduced the desmoplastic stroma in human tumor xenografted mouse models, evidenced by the immunohistochemical assay of collagen type 1 fibers. In contrast, tumors treated with only gemcitabine exhibited dense stroma, similar to the vehicle-treated group. In addition, stroma-depleted tumors that received combination therapy also showed dilated blood vessels and a 3-fold increase in mNestin, an angiogenesis marker of dividing endothelial cells. The 2.8-fold increase in intratumoral gemcitabine concentration in the combination therapy cohort suggests that vascularization can significantly improve the delivery of gemcitabine to the tumor site [194].



In a subsequent study, Frese et al. investigated the intratumoral concentrations of gemcitabine’s inactive (dFdU) and active (dFdCTP) metabolites, as well as the prodrug form (dFdC). They found that nab-paclitaxel administration significantly increased the levels of dFdC and dFdCTP, while the paclitaxel levels remained similar to those in the group treated with nab-paclitaxel alone. Further analysis revealed that paclitaxel and nab-paclitaxel could significantly lower the level of cytidine deaminase protein, which usually inactivates dFdC into dFdU, by introducing reactive oxygen species. Therefore, the regimen ultimately stabilizes the intratumoral accumulation of gemcitabine, even though the overall drug delivery did not change [195]. In a phase III study that incorporated 861 patients with metastatic PDAC, the effectiveness and safety of combining gemcitabine with nab-paclitaxel and using gemcitabine alone were evaluated and compared. Nab-paclitaxel/gemcitabine significantly outperformed gemcitabine alone in terms of median overall survival (8.5 months vs. 6.7 months), median progression-free survival (5.5 vs. 3.7 months), and response rate (23% vs. 7%) [196]. When combined, nab-paclitaxel and gemcitabine may be a helpful regimen to reduce further cancerous cell migration brought on by EMT from stromal cells and to improve treatment efficacy, particularly in cases of mPDAC that are gemcitabine-resistant [197].



6.3.1. Dendrimers


Dendrimers are spherical and three-dimensional structures with a highly branched, multi-layered polymer architecture. The surface of these dendritic molecules can be readily modified with functional groups, which enables enhanced drug targeting and controlled release of the therapeutic agent. Drugs can be incorporated via mechanisms such as physical encapsulation within internal cavities, electrostatic bonding, and covalent conjugating between the drugs and functional groups on the dendrimer surface. The method used affects the release pattern of the drugs. For instance, drugs that are physically enclosed in the internal cavities of dendrimers are typically retained by hydrogen bond formation or hydrophobic and lipophilic interactions between nitrogen or oxygen atoms and the hydrophobic cavities. Ionizable therapeutic agents, on the other hand, can quickly form complexes with the terminal -NH2 and -COOH groups on the dendrimer surface through electrostatic interactions [168]. By encapsulating drugs in these ways, they can be released and controlled through changes in the physical environment, such as pH, temperature, etc. Drugs stabilized by covalent bonding can be released through in vivo degradation in the presence of enzymes or chemicals. This technique allows for better control over drug release and targeting specific cells.



Dendrimers can be hydrophilic, hydrophobic, amphiphilic, biodegradable, or glycodendrimers, and their functional properties vary accordingly [198]. They are categorized into several structural types, including PAMAM, PAMAMOS, PPI, and others [168]. Among these, PAMAM is notably well-studied and extensively used, including a commercially available type, Starburst® [198]. A novel approach for treating PDAC has been developed using multifunctional PEGylated PAMAM dendrimers. These dendrimers are loaded with gemcitabine and conjugated to the anti-Flt-1 antibody, targeting the Flt-1 (a VEGF receptor) on Flt-1 positive PDAC cells like CFPAC-1. This targeting enhances the cellular uptake and therapeutic outcome of gemcitabine. In CFPAC-1 xenograft mouse models, this formulation showed a 30–50% inhibition of tumor growth, revealing a significant improvement compared to the minor changes by the untargeted dendrimer and gemcitabine solution [199]. Interestingly, a study by Huang et al. found that peptide dendrimers can be used as potentiators to enhance the accumulation of therapeutic agents. They synthesized polylysine dendrimers with tris(2-aminoethyl) amine (TAEA) as the core to explore their potentiating efficacy. The TAEA-K3K6R12 dendrimers, conjugated with DMA, could temporarily mask the positive surface charge. In an acidic tumor environment, the DMA groups were hydrolyzed, thus restoring their positively charged nature and facilitating the internalization of free doxorubicin or gemcitabine. The potentiator dendrimers remained neutral in blood circulation, effectively reducing cytotoxicity from drug accumulation in healthy organs. The group of mice that received both TAEA-K3K6R12-DMA and GEM had a significant reduction in mean tumor volume and weight compared to the group that only received GEM, with reductions of 86.5% and 87.1%, respectively [200]. This study provided promising insights for using modified dendrimers to enhance therapeutic agent uptake without the challenges of low drug loading/encapsulation that may be associated with other nanoparticle formulations.




6.3.2. Nanospheres


Nanospheres are spherical structures made up of a dense solid matrix. These structures can either adsorb drugs onto their surface or co-precipitate drugs inside the polymeric matrix. Nanospheres are a subtype of polymeric nanoparticles and can be fabricated with natural and synthetic polymers, diblock or multiblock copolymers, etc. [201] They can encapsulate drugs, imaging agents, genetic materials, etc., making them versatile and practical in various fields, including drug and gene delivery, bio-imaging, and diagnosis [202].



In a research conducted by Rong et al., nanospheres were explored for diagnosis purposes using chitosan and poly(acrylic acid) doped with various metal ions, specifically Cu2+, Pb2+, Cd2+, and Zn2+. These metal ions were selected based on their distinct peak potentials. The nanosphere complexes, known as Cu-chitosan-poly(acrylic acid) or Cu-CP, Pb-CP, Cd-CP, and Zn-CP, were then combined with anti-CEA, anti-CA19-9, anti-CA125, and anti-CA242, respectively, to identify biomarkers for PDAC using electrochemical measurements. The study’s findings revealed that this approach produced highly accurate and precise results, closely resembling those obtained through the conventional Enzyme-Linked Immunosorbent Assay (ELISA) method.3



This innovative strategy has been tried to synthesize using different materials like albumin or PLGA as a delivery platform for PDAC standard treatment drugs like gemcitabine [203]. Li et al. developed gemcitabine-loaded bovine serum albumin nanospheres against pancreatic cancer cells. The optimized particle size group, which ranged from 50 nm to 200 nm, displayed uniform particle size, high drug loadings up to 11.25%, and encapsulation rates up to 82.92%. These results suggest that a particle size range of 200 nm is optimal for improved drug loading and encapsulation, while albumin was found to enhance these two parameters compared to PLGA in the synthesis of nanospheres. Moreover, the optimized particle size group exhibited relatively low IC50 against BxPC-3 cells compared to the free gemcitabine group [204]. Several studies have revealed the possibility of using nanospheres for theranostic purposes due to their versatility. A later study has developed advanced magnetic albumin nanospheres. These nanospheres have a core-shell structure where the outer shell is made of albumin. The interior core contains Fe3O4 magnetic nanoparticles (MNPs) along with gemcitabine. Furthermore, the surface of these nanospheres is functionalized with the anti-EGFR monoclonal antibody C225, making them a multifunctional delivery system for diagnosis and targeting treatment simultaneously. C225 and MNPs can target specific cells when an external magnetic field is employed. This dual-targeted approach proved to be exceptionally efficacious, inhibiting cell proliferation amounting to 85.18% and apoptotic rates of 49.31% against AsPC-1 cells. The system could also significantly lower MRI T2 values, offering an alternative approach for diagnosing early EGFR-positive PDAC noninvasively. This approach demonstrated superiority over both the single-targeted and non-targeted groups [204]. Tumor-associated TK1 mRNA-responsive DNA nanospheres (DNA-NS) that encapsulate doxorubicin were purposed for tumor detection and chemotherapy. These nanospheres were highly resilient to nuclease breakdown and are uniquely reactive to TK1 mRNA overexpression in malignant cells. They also have demonstrated superb therapeutic efficacy due to the ability to bypass the drug resistance of tumor cells [205].



Other polymeric materials were also used to formulate nanoparticles. For instance, vitamin E succinate-gemcitabine conjugate-loaded Pluronic® was successfully developed and investigated for the intracellular delivery of the anticancer drug to pancreatic cancer cells [206].





6.4. Metal Nanoparticles


Technological advances such as nanotechnology have been introduced in cancer treatment and diagnostics to overcome the limitations of traditional types of treatments. Metal nanoparticles (MNPs), as nanosized particles, have found diverse applications in the diagnosis and treatment of cancer. Research indicates that these metal particles can modulate the activity of specific intracellular and extracellular signaling proteins, thereby influencing key processes like angiogenesis, metastasis, and inflammation [207]. By inducing apoptosis and cell cycle arrest, MNPs can limit or halt these processes. Importantly, when combined with other anticancer treatments, MNPs have the potential to significantly enhance their effectiveness, making them a valuable area of research in cancer treatment.



Various types of methods were used for manufacturing MNPs. For instance, gold nanoparticles (Au NPs) were prepared in pure distilled water using a nanosecond Nd: YAG laser with a constant laser energy of 100 mJ and an ablation time of 5 or 10 min [208]. Using a transmission electron microscope (TEM) and UV-visible spectrophotometer analysis, the researchers investigated the structure and linear optical properties of the Au NPs. The TEM measurements revealed that the size of the Au NPs ranged from 20.3 to 14.1 nm, depending on the laser ablation time. The z-scan technique was employed to examine the nonlinear refractive index and nonlinear absorption coefficient of the Au NPs. The Au NP samples were irradiated at different excitation wavelengths ranging from 740 to 820 nm and at different average powers ranging from 0.8 to 1.6 W. The research showed that the Au NPs demonstrated a reverse saturable absorption (RSA) behavior that increased as the excitation wavelength and/or incident laser power increased. Furthermore, the Au NPs acted as a self-defocusing material whenever the excitation wavelength or incident power was modified.



Different types of metal nanoparticles can be prepared either alone or in combination with conventional chemotherapeutics to improve multifaceted anticancer activities. For instance, bio-engineered metallic nanoparticles can be designed as potential carriers of cancer vaccines. Spherical nanoparticles are preferred due to their easy cellular penetration in various biomedical applications. Functionalized nanoparticles are being developed to deliver nutraceuticals at targeted sites to combat oncological malignancies. However, nanoparticles have been reported to cause toxic effects after administration to the human body, mainly by mediating oxidative damage. To overcome this toxicity, plant-derived edible nanoparticles could be considered. Plants have the potential to be produced on a large scale, making them suitable for drug delivery applications [209].




6.5. Magnetic Nanoparticles


Magnetic Nanoparticles (MNPs) have been developed as a means of facilitating both imaging and drug delivery, often in conjunction with other therapeutic agents [210,211]. Most of these nanoparticles range in size from 50 to 200 nm, with those measuring no greater than 100 nm demonstrating the ability to exhibit superparamagnetism [212]. Superparamagnetic iron oxide nanoparticles (SPIONs) have been widely explored as MRI contrast agents [193]. Specifically, ultrasmall SPIONs, ranging in size from 20 to 50 nm, are particularly adept at penetrating tumors and entering cancer cells while evading phagocytosis, which helps prolong their circulation time [213]. Furthermore, these nanoparticles are capable of producing heat when exposed to magnetic fields, thereby facilitating magnetic hyperthermia treatment. Jiang et al. have successfully fabricated sub-50 nm multifunctional superparamagnetic nanospheres with surface modification using LyP-1 to target p32 expressing pancreatic cancer cells precisely. The proposed Fe3O4@SiO2-FITC@mSiO2–LyP-1 nanospheres were synthesized by covering iron oxide nanoparticles with a layer of fluorescein-labeled silica and then immobilizing LyP-1 through the click reaction between the maleimide group on LyP-1 and thiol group on the nanospheres. The results of a tissue distribution study revealed that these nanospheres could accumulate in tumor tissues and overlap with p32, while there was no significant fluorescence observed in the non-targeted group or healthy organs such as the liver, spleen, heart, lung, or kidney. After one hour of administration of the targeted nanospheres, a significant decrease in signal on MR images in the tumor area was observed, which remained in the tumor for 24 h. In contrast, no significant signal change was observed in the non-targeted group, demonstrating the selectivity achieved by immobilized LyP-1 and the superparamagnetic properties of the iron oxide nanoparticles [214].



A set of studies explored the application of magnetic nanoparticles in magnetic hyperthermia therapy, particularly when used in conjunction with other therapeutic agents. In a xenograft murine model of pancreatic cancer, the expression of CALR gene, a marker of the immune response, significantly increased in cells containing MNPs. Additionally, magnetic hyperthermia (MH) treatment led to a notable accumulation of magnetic nanoparticles in the inner regions of the tumor. These results indicate that magnetic hyperthermia has the potential to activate the immune response and enhance particle internalization when an AMF is applied. One group proposed attaching gemcitabine to dextran-coated Fe2O3 magnetic particles via disulfide bonds to improve cell targeting and uptake in combination with magnetic hyperthermia. Significant improvements in cytotoxicity were observed in the in vitro study with PDAC cells BxPC-3 and MiaPaca-2, particularly against gemcitabine-resistant PANC-1 when an alternating magnetic field (AMF) was applied [212]. These findings indicate the potential synergistic therapeutic effects of combining magnetic hyperthermia and anticancer drugs.




6.6. Cancer Targeting


Delivery of therapeutics specifically to cancer cells allows for solving two main tasks: (1) Enhancing the anticancer activity of the delivered drug(s) or other biologically active substances. In contrast to non-targeted delivery, when the delivered substance is distributed more or less evenly throughout the body, its targeted delivery directly to the affected organ, tissue, or cell reduces the overall required concentration of the delivered substance, thereby increasing the effectiveness of treatment. (2) Protecting healthy organs and tissues from the damage caused by the delivered (usually highly toxic) anticancer agent, therefore limiting adverse side effects of the treatment. Previously, we subdivided all possible cancer targeting approaches into two general categories, passive and active targeting, and discussed various variants of both strategies in detail [215]. From the point of view of the current paper, we will discuss two major approaches that are the most relevant for the treatment of PDAC: the enhanced permeability and retention effect and active targeting by targeting ligands attached to the surface of nanoparticles that can specifically bind to the receptors or other molecules on the surface of PDAC cells.



6.6.1. Enhanced Permeability and Retention (EPR) Effect


Enhanced accumulation of macromolecules in solid tumors and its mechanisms were first reported by Matsumura and Maeda in 1986 and termed the “Enhanced Permeability and Retention (EPR) effect” [216]. The EPR effect is a phenomenon that occurs when the blood vessels surrounding a relatively large tumor become highly permeable while there is minimal lymphatic drainage from the tumor (Figure 7). This combination results in increased penetration of nanoparticles into the tumor and insufficient washing away of them by lymph. As a result, the particles accumulate and get retained in the tumor. As substances with high molecular weight, nanoparticles are naturally susceptible to this effect and, therefore, will passively accumulate in solid tumors. However, it has been observed that the use of enhanced EPR effects to transport nanomedicines to tumor sites is not consistently effective and is instead dependent on specific characteristics of the tumor and its physiological conditions [217]. Factors such as the degree of angiogenesis and lymphatic development, the amount of pericyte coverage in the tumor vasculature, the density of the tumor stroma, and intratumoral pressure are principal contributors to the variability in EPR effects. Understanding these aspects resulted in the creation of active targeting approaches, which currently represent the mainstream in cancer-targeted drug delivery under development and clinical trials.




6.6.2. Active Targeting


Extensive research has focused on enhancing nanoparticle specificity, stability, and efficacy in cellular uptake and retention. These efforts ultimately have led to the development of “active targeting” and optimization of the therapeutic potential of drugs. Although several distinct approaches have been developed, cancer-targeted nanoparticles are often designed to attach to targeting moieties such as aptamers, proteins, peptides, antibodies, antibody fragments, receptor ligands, and other molecules. By binding their counterparts, such moieties initiate active penetration of nanoparticles with their cargo, specifically into cancer cells, mainly by endocytosis, disrupting the carriers inside the cellular cytoplasm and releasing active components (Figure 8). This specific targeting improves the accumulation and retention of nanomedicines within tumors, significantly reducing the side effects and off-target impacts on healthy organs often seen in traditional chemotherapy. Researchers are also developing stimuli-responsive nanoparticles that release drugs in response to specific triggers in the tumor microenvironment, such as pH changes, temperature shifts, enzyme activity, and hypoxia. External stimuli such as heat, ultrasound, light, and magnetic fields are frequently employed to aid in designing targeted nanoparticles.





6.7. Potential Recognition Molecules for Targeted Therapy of Pancreatic Cancer


Targeted therapy, which aims to selectively deliver therapeutic agents to cancer cells while sparing normal cells, has emerged as a promising approach for treating pancreatic cancer. One key aspect of targeted therapy is the use of recognition molecules that specifically bind to cancer cells, allowing for the delivery of therapeutic agents directly to the tumor site. In this comprehensive analysis, we will explore potential recognition molecules and their targets that can be used for targeted pancreatic cancer therapy (Figure 9). As shown below, interaction with these receptors and surface-bound molecules can, to a certain extent, initiate cell death in pancreatic cancer cells. However, the more robust approach should be based on active targeted delivery of more potent anticancer drugs to PDAC. Such an approach can be achieved by conjugating the ligands mentioned below to the surface of nanoparticles loaded with traditional, highly potent anticancer agents.



6.7.1. Transferrin Receptor (TfR)


Transferrin receptors are abundantly expressed in PDAC malignant cells and significantly impact cell proliferation and cancer progression, especially by contributing to mitochondrial respiration and ROS production [219]. It was pointed out that 93% of pancreatic tumor cells exhibited positive (82%) or heterogeneous (11%) expression of transferrin receptors, demonstrated by immunohistochemical staining. Conversely, normal pancreas tissues were free of staining, indicating the deficiency of transferrin receptor expression [219]. The transferrin-bound iron was uptaken into cells via the transferrin receptor-mediated endocytosis pathway, making overexpressed transferrin receptors a desired target for delivering therapeutic agents to specific sites (Figure 9). A transferrin-mediated delivery system for p53 restoration and enhancing gemcitabine efficacy was developed [220]. In the study, liposomal nanoparticles loaded with wild-type human p53 (SGT-53) were formulated and evaluated. The nanoparticles were surface-modified with a single-chain antibody fragment (TfRscFv) for transferrin receptors. The group that received the TfRscFv-liposomal-SGT-53/gemcitabine combination treatment demonstrated a significantly longer median survival time of 37 days, compared to 29 days for the TfRscFv-liposomal-SGT-53 group and 30 days for the gemcitabine group, demonstrating the feasibility of using transferrin receptors as a gene delivery target in for treating PDAC. The first clinical trial involving human subjects in Phase I demonstrated that the utilization of nanoparticle p53 led to the restoration of p53 protein levels while achieving high drug accumulation at the tumor site and maintaining a relatively favorable safety profile [221]. Notably, the Phase II clinical trial involved a combination of nanoparticle p53 with gemcitabine/nab-paclitaxel, exhibiting a significant improvement in the median progression-free survival (mPFS) to 7.4 months in FOLFIRINOX refractory patients, compared to 3.1 months from the group that received the currently approved second-line therapy [222].




6.7.2. Epidermal Growth Factor Receptor (EGFR)


Epidermal Growth Factor Receptor (EGFR) is crucial in cellular communication within normal and cancerous cells. It is prominently overexpressed in various cancers, including lung, colorectal, pancreatic, and breast [223]. In PDAC, reports indicate overexpression rates ranging from 30% to 89% [18]. As a tyrosine kinase receptor, this 170 kD glycoprotein consists of distinct domains: an extracellular portion for ligand attachment, a transmembrane segment, and an intracellular domain containing tyrosine residues (Figure 9). Upon binding to ligands like EGF or TGF-α, two receptor subunits dimerize, activating the tyrosine kinase domain. Consequently, tyrosine residues undergo phosphorylation, creating binding sites for other proteins. This event triggers downstream intracellular signaling via the RAS-MAPK and PI3K-AKT pathways [224]. Studies propose that pancreatic cancer initiation might involve multiple gene mutations. In cancer cells, elevated EGFR levels can activate other proto-oncogenes, such as cyclin D1 and COX-2. Moreover, evidence indicates that tumor-secreted agents in the microenvironment, like VEGF, IL-8, and FGF, can be significantly amplified by EGFR activation in neighboring cells. This potentiation contributes to tumor progression, facilitating angiogenesis and subsequent metastasis [224].



There are two primary strategies to impede EGFR activity and subsequently dismantle the signaling cascade, depending on the specific sites being targeted on the receptor [224]. A monoclonal antibody (mAb) hinders the extracellular binding site of EGFR 226,227. Due to the prolonged serum half-life, enhanced specificity, and dependable pharmacokinetic profile, the mAb retains substantial potential in EGFR targeting [224]. Another approach targets the intracellular tyrosine kinase domain with tyrosine kinase inhibitor (TKI). These TKIs interfere with the signaling pathway by countering ATP, inhibiting autophosphorylation. Erlotinib, combined with gemcitabine, is currently approved by the FDA as a therapeutic regimen for locally advanced and metastatic pancreatic cancer. This combined treatment approach manifests only a marginal increase in survival rates (6.24 months versus 5.91 months), comparable to gemcitabine monotherapy [225]. Findings from a Phase III trial have indicated that KRAS mutation might contribute to TKI resistance by consistently activating downstream signal transduction, independent of TK activation.




6.7.3. Somatostatin Recept 6.6 or 2 (SSTR2)


Originally isolated from the hypothalamus, somatostatin (SST), or somatotropin release-inhibiting factor (SRIF), is a cyclic tetradecapeptide (SST-14) abundantly synthesized by neuroendocrine cells [226]. Along with the 28 amino acid variants (SST-28) with extension at the N-terminus, they are widely distributed in the body, including the central and peripheral nervous system, gastrointestinal tract, and various visceral organs. Depending on the site of secretion, SST has multiple biological functions and primarily acts as an endogenous growth inhibitor, regulating and proliferative activities of cells via paracrine or endocrine pathways [226].



SST is mediated by a family of five subtypes (SSTR 1–5) of seven transmembrane G-protein-coupled receptors [227]. Previous research suggested that SSTRs are present in various neuroendocrine tumors, including pituitary adenomas, pancreatic endocrine tumors, small cell lung cancers, medullary thyroid carcinomas, paragangliomas, carcinoids, and others [226,227]. Notably, SSTRs are also found on angiogenic tumor blood vessels, highlighting the potential as targets for cancer treatment. Clinical studies have shown that SST has tumor-suppressive effects on various cancers, including acromegaly, endocrine pancreatic cancer, and ectopic tumors like gastrinomas and VIP-producing tumors [228]. However, native SST has an extremely short half-life of 1–3 min in circulation, consequently a short duration of action and limited clinical application. The development of synthetic short peptide analogs has significantly extended their half-life and improved therapeutic outcomes. Unlike the endogenous SSTR agonists with high binding affinity to all the five SSTR subtypes, the synthetic peptide analogs show selective binding affinity towards SSTR 2, 3, and 5, the most common subtypes found on tumor cells [229]. Octreotide, a widely used octapeptide analog with a prolonged half-life of 2 h, shows a high affinity for SSTR2 and SSTR5, making it a promising targeting agent for SSTR-positive tumors [230].



Different expressions of SSTR2 in PDAC tissues and cell lines were found, indicating the potential for receptor-mediated chemotherapy [229]. Various studies report that at least one SSTR subtype mRNA exists in many PDAC cells. SSTR2 mRNA, the most common subtype, has been detected in several human PDAC cell lines, including CAPAN-1, CAPAN-2, PANC-1, BxPC-3, AsPC-1, CFPAC-1, and MiaPaca-2 [231]. Kikutsuji et al. found SSTR1 and 2 in at least 7 out of 10 exocrine pancreatic cancer tissues [232]. Further, it was reported that in a study of 108 PDAC patients, 81.5% (88/108) expressed SSTR 2 mRNA in their cancerous tissues. Additionally, SSTR-3 mRNA was found in 69.4% (75/108) of these tissues, while SSTR-5 mRNA expression was observed in 13.0% (14/108). This research underscores the potential for targeted therapies based on SSTR expression in pancreatic cancer [233].



A study highlighted neuroendocrine differentiation in pancreatic cancer cells through the expression of SSTR2, a marker for neuroendocrine tumor cells. Unique morphological patterns were identified in Panc-1 and MiaPaca-2, with high SSTR2 expression observed particularly in polymorphic MiaPaca-2 and small cells (morula) of Panc-1, evidenced by immunohistochemistry [234]. Further research has consistently shown that PDAC cell lines, including Panc-1, CFPAC-1, Capan-1, and Capan-2, express one or more SSTR subtypes, validated by SST analog RC-160 binding assay [235].




6.7.4. Vascular Endothelial Growth Factor Receptor (VEGFR)


The VEGF receptor commonly interacts with various ligands, including VEGF-A, -B, -C, -D, and placenta growth factor (PLGF) [236]. Each subtype binds specifically to distinct receptors, regulating the processes of vasculogenesis, angiogenesis, and lymphangiogenesis (Figure 9). VEGF receptors are frequently elevated in various malignancies, including ovarian, colorectal, gastric, pancreatic, breast, prostate, small-cell lung, melanoma, cervical, and thyroid [236]. Like receptor tyrosine kinases (RTKs), ligand-activated VEGF receptors activate cellular signaling pathways by autophosphorylating their tyrosine kinase domains. Functioning as an endothelial cell mitogen, VEGF promotes tumor proliferation and metastasis, ultimately resulting in unfavorable prognostic outcomes. The upregulation of VEGF has been reported in over 90% of pancreatic cancer cells, thereby a potential target when formulating novel therapeutic approaches [237]. Small molecule RTK inhibitor Sunitinib can effectively impede VEGF receptor function and disrupt downstream signaling transduction by competitively binding to the ATP-binding site. The first FDA-approved anti-VEGF monoclonal antibody, Bevacizumab, operates by obstructing the interaction between VEGF-A and the VEGF receptor-2 within PDAC cells [236,237]. This intervention effectively hinders the ERK, PI3K/Akt, and p38/MAPK signaling cascades. Consequently, the reduction in cell–cell adhesion molecules ZO-1/ZO-2 by VEGF-A is impeded, which in turn may mitigate carcinoma cell migration. Nonetheless, while the administration of Bevacizumab in combination with other chemotherapy drugs, such as gemcitabine plus erlotinib, may enhance progression-free survival, the enhancement in overall survival remains modest [238]. These results show that resistance to Bevacizumab could potentially develop throughout treatment. Research findings indicate that pro-inflammatory factors, such as IL-1α and IL-1β, are expressed at higher levels in the group exhibiting resistance to anti-VEGF treatment, indicating that the development of resistance may arise from the inflammatory response [239]. A recent study has demonstrated that chemotherapy may enhance the secretion of PLGF. Consequently, increased PLGF can bind to VEGF co-receptors, neuropilin-1 (NRP-1) and -2 (NRP-2). This interaction subsequently activates cancer-associated fibroblasts (CAFs), which generate ECM, contributing to the formation of the desmoplastic stroma [240]. An anti-PIGF/VEGF agent within the therapeutic regimen is imperative to counteract the collagen matrix formation in PDAC, holding the potential to amplify the antitumor efficacy of chemotherapy significantly.




6.7.5. Integrin


Integrin is evaluated in many studies and is recognized to be highly associated with tumor growth by regulating cell functions. It is a group of heterodimeric transmembrane glycoproteins consisting of combinations of 18 α subunits and eight β subunits. These subunits are connected by non-covalent bonding and result in 24 different combinations. Integrins are critical in cell adhesion and interaction with the ECM and adjacent or neighboring cells [241]. To be functional, integrins must change their confirmation from bent closed inactive to extended open active. Integrins have two unique mechanisms for transmitting signals in both directions (Figure 9), known as “inside-out” and “outside-in,” indicating that they can be activated by intracellular or extracellular signals, which leads to different consequences [241]. In the case of “inside-out” activation, intracellular activators such as talin and kindlin bind to the cytoplasmic tails of integrins, leading to a conformational change to its active form with an extended structure and open tails. This active phase provides high affinity towards ECM ligands, followed by enhancement of the adhesion between integrin and ECM, allowing force transmission needed by cell migration, invasion, ECM remodeling, and matrix assembly. On the other hand, “outside-in” activation occurs when extracellular signals bind to the integrin extracellular domain, causing a conformational change to its active form. This change, in turn, leads to integrin clustering and downstream effector initiation 264. Importantly, the bidirectional signaling pathways are closely linked, regulating cell polarity, survival, proliferation, gene expression, and cytoskeleton organization.



Targeting tumor vasculature has distinct advantages over other therapeutic approaches, such as direct contact with vascular endothelial cells or blood vessels and a lower likelihood of inducing drug resistance due to the high gene stability of endothelial cells [242]. Studies have shown that eight different integrins can recognize a targeting agent RGD (Arg-Gly-Asp) peptides, and five of them are from the αV subfamily [243]. Among them, αVβ3 and αvβ5 are expressed abundantly on activated endothelial cells of pancreatic tumor vasculature. Around 58% of PDAC cases were demonstrated with overexpression of αVβ3, which was linked to lymph node metastasis and the activation of MMP-2 [244]. Meanwhile, αvβ5 works in corporation with αVβ3 through TGF-β mediated dimerization to activate the focal adhesion kinase (FAK)–steroid receptor coactivator (Src) pathway, leading to the promotion of angiogenesis and consequently tumor progression 265. The improved form iRGD, a cyclic peptide of nine amino acids, including the RGD motif, was designed to target the tumor vasculature and penetrate tumor tissues. After binding to the tumor vasculature, the peptide is cleaved by proteases, revealing an activated C-terminal [243]. The cleaved iRGD then binds to NRP-1, which is overexpressed in about 45.8% of clinical PDAC lesions, enabling the targeted delivery of therapeutic agents to the inner areas of the tumor, thereby improving treatment efficacy. A series of studies focused on the utilization of iRGD. A simplified approach for co-delivering iRGD and various therapeutic drugs, including doxorubicin, nab-paclitaxel, doxorubicin liposomes, and trastuzumab into five tumor models, two of which were PDAC models was proposed [245]. The combination led to a significant increase in drug accumulation at tumor sites while achieving equivalent or even better therapeutic efficacy with a threefold lower dosage than the drug-alone therapies, suggesting reduced side effects. Later, an approach that co-delivered iRGD and free gemcitabine to PDAC murine models, which substantially enhanced the efficacy of gemcitabine and caused a significant shrinkage of tumor size compared to the gemcitabine monotherapy group, was developed [245].



A significant limitation of targeting the integrin ligand binding site is that molecular antagonists often activate integrin signaling, restricting the clinical effectiveness. A phase I trial of the ProAgio, an anti-αvβ3 protein, is ongoing for patients with PDAC or other solid tumors. The approach was aimed at binding the protein to a novel site on αvβ3 protein, recruiting and activating caspase eight at the cytoplasmic tails of integrin β3, thereby inducing apoptosis in endothelial blood vessels cell and stroma-supporting fibroblasts, leading to a reduction in angiogenesis and tumor growth [246].




6.7.6. Hyaluronic Acid Receptors


The expression of HA is highly upregulated in most PDAC samples, mainly in connective tissues and tumor boundaries, exhibiting an enormous increase compared to the normal pancreas [19]. It is a significant component of the ECM and PDAC tumor stroma. In recent years, research has focused on targeting HA due to its vital role in enhancing tumor chemoresistance and metastasis [19]. Previous studies have proposed and analyzed potential therapeutic methods to reduce the levels of stroma HA by either inhibiting its synthesis or enzymatically depleting its amount. One such method involves using 4-methylumbelliferone (4-MU), an HA synthesis inhibitor [247]. The effects of 4-MU treatment on Mia Paca-2 cells regarding cell proliferation, motility, invasion, and pericellular matrix containing HA were analyzed. The results indicated an inverse relationship between the pericellular matrix-to-cell ratio and the concentration of 4-MU. The treatment of 0.5 mM 4-MU for 72 h significantly reduced cell proliferation by 26.4% and suppressed cell migration and invasion by 14.7% and 22.7%, respectively, as shown by the wound healing and Matrigel invasion assays. Another study evaluated the HA production and cell migration capability by co-culturing PANC-1 and tumor stromal fibroblasts [248]. The co-culture system exhibited significant increases in HA and HAS3 mRNA. With 1000 uM treatment of 4-MU, 88% inhibition of HA synthesis was observed, while cell migration inhibition was seen at a concentration as low as 10 uM. The findings indicated that 4-MU can suppress the synthesis of HA by decreasing the levels of HAS3, reducing low-molecular-weight HA (LMW-HA) production, which facilitates cellular motility and invasion more robustly than high-molecular-weight HA (HMW-HA). These results were consistent with earlier studies on in vitro and in vivo models using KP1-NL cells [249]. Notably, the mechanisms by which 4-MU suppresses HA synthesis may vary among different cell types. Nagase’s study showed upregulation of HAS3, suggesting an alternative mechanism where the depletion of UDP-GlcUA, followed by the inhibition of HA synthesis by 4-MU, may be utilized.



PEGylated human hyaluronidase (PEGPH20) was proposed as an enzyme that degrades HA in PDAC stroma. Given the promising results from phase I/II trials, phase III HALO-109–301 compared the effects of PEGPH20 in combination with nab-paclitaxel/gemcitabine to nab-paclitaxel/gemcitabine alone in untreated stage IV PDAC patients with high HA expression [250]. However, HALO 301 failed to meet its primary endpoint of OS at 11.2 months when used in combination compared to 11.5 months with nab-paclitaxel/gemcitabine alone, although a higher response rate was observed in the combination treatment group. Similar adverse outcomes were observed in two later clinical studies. In the SWOG S1313 phase IB/II study, mFOLFIRINOX was used both with and without PEGPH20. However, including PEGPH20 in the combination arm shortened the median OS due to increased grade 3 to 4 adverse effects [250]. The MORPHEUS Phase IB/II study compared atezolizumab plus PEGPH20 with mFOLFOX6 or gemcitabine plus nab-paclitaxel chemotherapy. The study showed a marginal increase in OS but a reduction in PFS in the PEGPH20/atezolizumab regimen compared to the chemotherapy group. These results indicated that targeting the desmoplastic stroma alone is insufficient for PDAC treatment, highlighting the need to focus on the immunosuppressive cells in the tumor microenvironment. Hakim et al. noted that tumor stroma may have multiple roles in metastasis. Besides being an obstacle impeding drug delivery, it may inhibit tumor development and advancement. Therefore, PEGPH20 can potentially facilitate tumor advancement by removing this barrier. Further research on therapeutic approaches needs a more thorough understanding of the intricate factors contributing to chemoresistance, the multifaceted functions of EMT, and the diverse roles tumor stroma plays in metastasis.



Studies have revealed that hyaluronan interactions with its receptors CD44s and Receptors for HA-Mediated Motility (RHAMM) trigger most HA signaling pathways, resulting in inflammations and tumorigenesis in PDAC cases [251]. Flow cytometry analysis studies have confirmed that CD44 levels in human PDAC cells, such as PANC-1, Mia Paca-2, BxPC-3, and AsPC-1, are over 100 times higher than in healthy pancreas cells 287. Moreover, CD44v5 and CD44v6 are exclusively expressed in PDAC cells and not frequently on IPMN, indicating a more advanced and invasive form of cancer. The binding of HA to CD44 variants has been shown to activate several signaling pathways, including the Rho ATPase, Ras/MEK/ERK (MAPK), Rac, and PIAK/Akt pathways, which can promote cytoskeletal transformation, cell migration, invasion, survival, proliferation, and drug resistance [19,251]. Moreover, RHAMM’s interaction with HA stimulates FAK, enhancing MAPK pathway activation and increasing cell motility. Approaches targeting HA receptors, such as RHAMM and CD44, involve blocking receptor-mediated signaling pathways or using overexpressed HA receptors for site-specific delivery of therapeutic agents [252]. The suppression of CD44 expression using shRNA in pancreatic cancer cells led to reduced cellular proliferation and migration, thereby impeding tumor growth and progression, consistent with decreased levels of p-ERK and p-AKT.290 Monoclonal antibodies against CD44 (anti-CD44), such as H4C4, can significantly attenuate the stem cell self-renewal genes Nanog, Sox-2, and Rex-1, as well as regulating STAT3 signaling, thereby inhibiting the post-radiation recurrence in mice xenografts [253].



A styrene-maleic acid (SMA) copolymer nanomicelle system with surface modification of HA conjugation that delivers 3,4-difluorobenzylidene curcumin (CDF) to CD44+ PDAC cancer stem-like cells (CSLCs) was developed [254]. Compared to the group treated by naked SMA-CDF, the cellular internalization was more pronounced in the MiaPaca-2 cells treated by the HA-conjugated nanomicelle system (HA-SMA-CDF). HA-SMA-CDF also performed better than the SMA-CDF in the cytotoxicity assay, with 1.75- and 2-fold lower IC50 in MiaPaca-2 and AsPC-1 cells, respectively. Moreover, the targeted group showed better anticancer efficacy in the CD44+ cells than in the CD44- group. The study provided consistent in vitro outcomes when utilizing HA-modified liposomes or nanoparticles to deliver dual drugs (doxorubicin/paclitaxel and quercetin/gemcitabine) to tumor cells overexpressing CD44. Notably, the surface modification of HA was found to be a great alternative to PEGylation as it can alter the surface charge of liposomes, allowing for more extended circulation of nanoparticles. Moreover, it overcomes the limitations of PEG presence, which hinders interaction between nanocarriers and cell surfaces [254]. These findings provide valuable insight into the molecular mechanisms of PDAC development, highlighting the potential of hyaluronan and its CD44s and RHAMM receptors as targets for PDAC treatments.





6.8. Nanoparticle-Based Drugs in Clinical Trials


Several phase 1 and 2 clinical trials designed to evaluate nanoparticle-based drugs for prostate cancer treatment are being conducted and completed (Table 1). Most of these trials tested protein-bound paclitaxel (nab-paclitaxel or Abraxane) in combination with traditional or novel anticancer drugs. In addition, superparamagnetic iron oxide magnetic nanoparticles were tested for tumor imaging. Moreover, a few other types of nanoparticle-bound drugs are also used, including lipid-based siRNA nanoparticles, novel curcumin/doxorubicin-encapsulating nanoparticles, and liposomal Irinotecan. It can be seen that despite numerous preclinical studies, only a tiny portion of nanomedicines reached clinical trials. Therefore, more efforts should be applied to design and test prostate cancer-targeted nanoscale-based delivery systems.





7. Conclusions and Future Perspectives


Early diagnosis and innovative therapies are crucial for improving the survival rates of patients with this highly lethal cancer. The application of biodegradable fluorescent targeted nanoparticles as imaging agents significantly enhances the accumulation of fluorescence in specific tumor cells in pre-cancerous pancreas lesions, offering new possibilities for early detection of PDAC. Some researchers suggest merging computer vision and biophotonics to gain more insights into tumor biology and aid decision-making for patients with pancreatic cancer [256]. “Surgomics” is a growing field that encompasses such efforts, and it represents a concept that aims to predict a patient’s surgical outcome using machine learning techniques on multimodal intraoperative data [257]. This approach involves utilizing high-quality annotations by medical experts to develop predictive models to assess morbidity, mortality, and long-term outcomes in surgery. Surgomics uses machine learning algorithms to analyze various aspects of the surgical process, such as bleeding events, instrument recognition, and anatomical structures, to improve the understanding and prediction of surgical outcomes. By extracting surgomics features as surgical process characteristics, it is possible to personalize surgical procedures and improve patient outcomes.



Continued research into nanoparticles that can specifically target and illuminate multiple early-stage cancerous markers may hold the potential for a significant step forward in precise diagnostic methods. Such advancements could significantly enhance the effectiveness of surgical and therapeutic interventions.



Following the FDA approval of Abraxane and Onivyde, the field of nanomedicine in PDAC treatment presents a large area for exploration and development, especially considering the effectiveness demonstrated by these two drugs. These two drugs have a relatively “simple” design, meaning they mainly depend on the passive targeting mechanisms for delivering a single drug. This highlights the significance of customizing the nanoparticle formulations by adjusting their physiochemical properties. It is essential to consider the pharmacokinetics and pharmacodynamics of the payload in specific tumors. Such tailored approaches are key to effectively navigating the complex tumor microenvironment in PDAC, enhancing the EPR effect, and offering the potential for delivering multiple drugs within a single delivery system, thereby increasing treatment efficacy and targeting accuracy. Research has indicated that no nanomedicines employing active targeting ligands have yet received clinical approval, mainly due to challenges like the “binding site barrier,” where nanomedicines are absorbed by peripheral tumor cells, and challenges in selecting appropriate patients for clinical trials [258]. Future research that combines tumor-penetrating peptides with these nanomedicines may provide valuable insights and improvements in targeting efficiency, overcoming current barriers, and enhancing the effectiveness of nanomedicine in PDAC treatment. Due to the PDAC’s heterogeneous nature, targeting cancer-related genes holds promise as an effective method to inhibit tumor proliferation and metastasis. However, traditional pharmacological inhibitors and small molecule drugs often fall short of expectations regarding many of these genes and proteins, considered “undruggable”. This challenge arises from the absence of specific ligand binding sites and target selectivity, often due to the close amino acid sequence homology these proteins share with others [27]. Delivering RNA interference agents via nanoparticles presents a promising alternative to target cancer-related genes, offering high selectivity and safety, the ability to transfer larger genes and customizable options.



Furthermore, in vivo trials with virus-like particle (VLP) vaccines have shown increased immune cell infiltration, potentially making immunotherapy more effective in PDAC’s immunosuppressive environment. This may overturn the immunotherapy landscape in PDAC, offering new hope where previous applications were limited. Collectively, the nanoparticle delivery system holds great potential in overcoming the limitations of traditional diagnostic and therapeutic approaches, with precision in diagnostics, augmented drug solubility, prolonged circulation time, improved targeting of tumors, and controlled release. Further research is essential to comprehensively understand the complex microenvironment and distinct pathological features at different stages of PDAC. This will enable the development of nanoparticle delivery systems that are not ‘one-size-fits-all’ but can be modified to target the varying tumor features. Such modification ensures that these systems meet the patient’s unique needs, providing a more tailored and potentially more effective treatment approach with minimized side effects. Importantly, it is vital to ensure the scalability of these formulations, making them accessible to a broader range of patients, thereby significantly enhancing the battle against this lethal disease.







Author Contributions


Conceptualization, T.M. and X.G.; writing—original draft preparation, X.G.; writing—review and editing, T.M.; visualization, T.M.; supervision, T.M.; funding acquisition, T.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded in part by NIH/NCI, grant number R01 CA209818.




Data Availability Statement


The data presented in this study are available in this article.




Acknowledgments


Images were created with BioRender.com (accessed on 10 February 2024).




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



American Cancer Society, Inc. Cancer Facts & Figures 2023; American Cancer Society, Inc.: Atlanta, GA, USA, 2022; pp. 1–82. [Google Scholar]

	



Olajubutu, O.; Ogundipe, O.D.; Adebayo, A.; Adesina, S.K. Drug Delivery Strategies for the Treatment of Pancreatic Cancer. Pharmaceutics 2023, 15, 1318. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Fiore, M.; Coppola, A.; Petrianni, G.M.; Trecca, P.; D’Ercole, G.; Cimini, P.; Ippolito, E.; Caputo, D.; Beomonte Zobel, B.; Coppola, R.; et al. Advances in pre-treatment evaluation of pancreatic ductal adenocarcinoma: A narrative review. J. Gastrointest. Oncol. 2023, 14, 1114–1130. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Halle-Smith, J.M.; Powell-Brett, S.F.; Hall, L.A.; Duggan, S.N.; Griffin, O.; Phillips, M.E.; Roberts, K.J. Recent Advances in Pancreatic Ductal Adenocarcinoma: Strategies to Optimise the Perioperative Nutritional Status in Pancreatoduodenectomy Patients. Cancers 2023, 15, 2466. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



de Jesus, V.H.F.; Riechelmann, R.P. Current Treatment of Potentially Resectable Pancreatic Ductal Adenocarcinoma: A Medical Oncologist’s Perspective. Cancer Control 2023, 30, 10732748231173212. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Perez-Diez, I.; Andreu, Z.; Hidalgo, M.R.; Perpina-Clerigues, C.; Fantin, L.; Fernandez-Serra, A.; de la Iglesia-Vaya, M.; Lopez-Guerrero, J.A.; Garcia-Garcia, F. A Comprehensive Transcriptional Signature in Pancreatic Ductal Adenocarcinoma Reveals New Insights into the Immune and Desmoplastic Microenvironments. Cancers 2023, 15, 2887. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Yang, J.; Liu, Y.; Liu, S. The role of epithelial-mesenchymal transition and autophagy in pancreatic ductal adenocarcinoma invasion. Cell Death Dis. 2023, 14, 506. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Ansari, D.; Friess, H.; Bauden, M.; Samnegard, J.; Andersson, R. Pancreatic cancer: Disease dynamics, tumor biology and the role of the microenvironment. Oncotarget 2018, 9, 6644–6651. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Gildiz, S.; Minko, T. Nanotechnology-Based Nucleic Acid Vaccines for Treatment of Ovarian Cancer. Pharm. Res. 2023, 40, 123–144. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Lee, D.; Minko, T. Nanotherapeutics for Nose-to-Brain Drug Delivery: An Approach to Bypass the Blood Brain Barrier. Pharmaceutics 2021, 13, 2049. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Li, X.; Taratula, O.; Taratula, O.; Schumann, C.; Minko, T. LHRH-Targeted Drug Delivery Systems for Cancer Therapy. Mini Rev. Med. Chem. 2017, 17, 258–267. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Majumder, J.; Minko, T. Multifunctional and stimuli-responsive nanocarriers for targeted therapeutic delivery. Expert Opin. Drug Deliv. 2021, 18, 205–227. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Majumder, J.; Minko, T. Targeted Nanotherapeutics for Respiratory Diseases: Cancer, Fibrosis, and Coronavirus. Adv. Ther. 2021, 4, 2000203. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Majumder, J.; Minko, T. Recent Developments on Therapeutic and Diagnostic Approaches for COVID-19. AAPS J. 2021, 23, 14. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Pozharov, V.P.; Minko, T. Nanotechnology-Based RNA Vaccines: Fundamentals, Advantages and Challenges. Pharmaceutics 2023, 15, 194. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Savla, R.; Minko, T. Nanoparticle design considerations for molecular imaging of apoptosis: Diagnostic, prognostic, and therapeutic value. Adv. Drug Deliv. Rev. 2017, 113, 122–140. [Google Scholar] [CrossRef] [PubMed]

	



Khare, V.; Alam, N.; Saneja, A.; Dubey, R.D.; Gupta, P.N. Targeted drug delivery systems for pancreatic cancer. J. Biomed. Nanotechnol. 2014, 10, 3462–3482. [Google Scholar] [CrossRef] [PubMed]

	



Nedaeinia, R.; Avan, A.; Manian, M.; Salehi, R.; Ghayour-Mobarhan, M. EGFR as a potential target for the treatment of pancreatic cancer: Dilemma and controversies. Curr. Drug Targets 2014, 15, 1293–1301. [Google Scholar] [CrossRef] [PubMed]

	



Sato, N.; Cheng, X.B.; Kohi, S.; Koga, A.; Hirata, K. Targeting hyaluronan for the treatment of pancreatic ductal adenocarcinoma. Acta Pharm. Sin. B 2016, 6, 101–105. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Jiang, H.; Wang, S.; Zhou, X.; Wang, L.; Ye, L.; Zhou, Z.; Tang, J.; Liu, X.; Teng, L.; Shen, Y. New path to treating pancreatic cancer: TRAIL gene delivery targeting the fibroblast-enriched tumor microenvironment. J. Control. Release 2018, 286, 254–263. [Google Scholar] [CrossRef] [PubMed]

	



Liu, H.; Shi, Y.; Qian, F. Opportunities and delusions regarding drug delivery targeting pancreatic cancer-associated fibroblasts. Adv. Drug Deliv. Rev. 2021, 172, 37–51. [Google Scholar] [CrossRef] [PubMed]

	



Murata, M.; Narahara, S.; Kawano, T.; Hamano, N.; Piao, J.S.; Kang, J.H.; Ohuchida, K.; Murakami, T.; Hashizume, M. Design and Function of Engineered Protein Nanocages as a Drug Delivery System for Targeting Pancreatic Cancer Cells via Neuropilin-1. Mol. Pharm. 2015, 12, 1422–1430. [Google Scholar] [CrossRef] [PubMed]

	



Taniuchi, K.; Yawata, T.; Tsuboi, M.; Ueba, T.; Saibara, T. Efficient delivery of small interfering RNAs targeting particular mRNAs into pancreatic cancer cells inhibits invasiveness and metastasis of pancreatic tumors. Oncotarget 2019, 10, 2869–2886. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Yoshida, M.; Takimoto, R.; Murase, K.; Sato, Y.; Hirakawa, M.; Tamura, F.; Sato, T.; Iyama, S.; Osuga, T.; Miyanishi, K.; et al. Targeting anticancer drug delivery to pancreatic cancer cells using a fucose-bound nanoparticle approach. PLoS ONE 2012, 7, e39545. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Liu, Y.; Wu, W.; Wang, Y.; Han, S.; Yuan, Y.; Huang, J.; Shuai, X.; Peng, Z. Recent development of gene therapy for pancreatic cancer using non-viral nanovectors. Biomater. Sci. 2021, 9, 6673–6690. [Google Scholar] [CrossRef] [PubMed]

	



Minko, T.; Dharap, S.S.; Fabbricatore, A.T. Enhancing the efficacy of chemotherapeutic drugs by the suppression of antiapoptotic cellular defense. Cancer Detect. Prev. 2003, 27, 193–202. [Google Scholar] [CrossRef] [PubMed]

	



Kokkinos, J.; Ignacio, R.M.C.; Sharbeen, G.; Boyer, C.; Gonzales-Aloy, E.; Goldstein, D.; Australian Pancreatic Cancer Genome Initiative (APGI); McCarroll, J.A.; Phillips, P.A. Targeting the undruggable in pancreatic cancer using nano-based gene silencing drugs. Biomaterials 2020, 240, 119742. [Google Scholar] [CrossRef] [PubMed]

	



Frampton, J.E. Liposomal Irinotecan: A Review in Metastatic Pancreatic Adenocarcinoma. Drugs 2020, 80, 1007–1018. [Google Scholar] [CrossRef] [PubMed]

	



De Luca, R.; Blasi, L.; Alu, M.; Gristina, V.; Cicero, G. Clinical efficacy of nab-paclitaxel in patients with metastatic pancreatic cancer. Drug Des. Devel. Ther. 2018, 12, 1769–1775. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Hidalgo, M. Pancreatic cancer. N. Engl. J. Med. 2010, 362, 1605–1617. [Google Scholar] [CrossRef] [PubMed]

	



Li, D.; Xie, K.; Wolff, R.; Abbruzzese, J.L. Pancreatic cancer. Lancet 2004, 363, 1049–1057. [Google Scholar] [CrossRef] [PubMed]

	



Rawla, P.; Sunkara, T.; Gaduputi, V. Epidemiology of Pancreatic Cancer: Global Trends, Etiology and Risk Factors. World J. Oncol. 2019, 10, 10–27. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Lynch, S.M.; Vrieling, A.; Lubin, J.H.; Kraft, P.; Mendelsohn, J.B.; Hartge, P.; Canzian, F.; Steplowski, E.; Arslan, A.A.; Gross, M.; et al. Cigarette smoking and pancreatic cancer: A pooled analysis from the pancreatic cancer cohort consortium. Am. J. Epidemiol. 2009, 170, 403–413. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Vincent, A.; Herman, J.; Schulick, R.; Hruban, R.H.; Goggins, M. Pancreatic cancer. Lancet 2011, 378, 607–620. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Pancreatic Cancer Types. Available online: https://www.hopkinsmedicine.org/health/conditions-and-diseases/pancreatic-cancer/pancreatic-cancer-types#:~:text=Pancreatic%20cancer%20types%20can%20be,in%20their%20symptoms%20and%20prognosis (accessed on 25 December 2023).

	



Yachida, S.; Jones, S.; Bozic, I.; Antal, T.; Leary, R.; Fu, B.; Kamiyama, M.; Hruban, R.H.; Eshleman, J.R.; Nowak, M.A.; et al. Distant metastasis occurs late during the genetic evolution of pancreatic cancer. Nature 2010, 467, 1114–1117. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Zhang, L.; Sanagapalli, S.; Stoita, A. Challenges in diagnosis of pancreatic cancer. World J. Gastroenterol. 2018, 24, 2047–2060. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Yang, J.; Xu, R.; Wang, C.; Qiu, J.; Ren, B.; You, L. Early screening and diagnosis strategies of pancreatic cancer: A comprehensive review. Cancer Commun. 2021, 41, 1257–1274. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Janga, L.S.N.; Sambe, H.G.; Yasir, M.; Man, R.K.; Gogikar, A.; Nanda, A.; Mohammed, L. Holistic Understanding of the Role of Carbohydrate Antigen 19-9 in Pancreatic Cancer Screening, Early Diagnosis, and Prognosis: A Systematic Review. Cureus 2023, 15, e44382. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Zhao, B.; Zhao, B.; Chen, F. Diagnostic value of serum carbohydrate antigen 19-9 in pancreatic cancer: A systematic review and meta-analysis. Eur. J. Gastroenterol. Hepatol. 2022, 34, 891–904. [Google Scholar] [CrossRef] [PubMed]

	



Luo, G.; Fan, Z.; Cheng, H.; Jin, K.; Guo, M.; Lu, Y.; Yang, C.; Fan, K.; Huang, Q.; Long, J.; et al. New observations on the utility of CA19-9 as a biomarker in Lewis negative patients with pancreatic cancer. Pancreatology 2018, 18, 971–976. [Google Scholar] [CrossRef] [PubMed]

	



Wu, H.; Ou, S.; Zhang, H.; Huang, R.; Yu, S.; Zhao, M.; Tai, S. Advances in biomarkers and techniques for pancreatic cancer diagnosis. Cancer Cell Int. 2022, 22, 220. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Wu, Z.; Kuntz, A.I.; Wadleigh, R.G. CA 19-9 tumor marker: Is it reliable? A case report in a patient with pancreatic cancer. Clin. Adv. Hematol. Oncol. 2013, 11, 50–52. [Google Scholar] [PubMed]

	



Ermiah, E.; Eddfair, M.; Abdulrahman, O.; Elfagieh, M.; Jebriel, A.; Al-Sharif, M.; Assidi, M.; Buhmeida, A. Prognostic value of serum CEA and CA19-9 levels in pancreatic ductal adenocarcinoma. Mol. Clin. Oncol. 2022, 17, 126. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Meng, Q.; Shi, S.; Liang, C.; Liang, D.; Xu, W.; Ji, S.; Zhang, B.; Ni, Q.; Xu, J.; Yu, X. Diagnostic and prognostic value of carcinoembryonic antigen in pancreatic cancer: A systematic review and meta-analysis. OncoTargets Ther. 2017, 10, 4591–4598. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Ruckert, F.; Pilarsky, C.; Grutzmann, R. Serum tumor markers in pancreatic cancer-recent discoveries. Cancers 2010, 2, 1107. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Alqualo, N.O.; Campos-Fernandez, E.; Picolo, B.U.; Ferreira, E.L.; Henriques, L.M.; Lorenti, S.; Moreira, D.C.; Simiao, M.P.S.; Oliveira, L.B.T.; Alonso-Goulart, V. Molecular biomarkers in prostate cancer tumorigenesis and clinical relevance. Crit. Rev. Oncol. Hematol. 2023, 194, 104232. [Google Scholar] [CrossRef] [PubMed]

	



Davoudi, F.; Moradi, A.; Becker, T.M.; Lock, J.G.; Abbey, B.; Fontanarosa, D.; Haworth, A.; Clements, J.; Ecker, R.C.; Batra, J. Genomic and Phenotypic Biomarkers for Precision Medicine Guidance in Advanced Prostate Cancer. Curr. Treat. Options Oncol. 2023, 24, 1451–1471. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Kawada, T.; Shim, S.R.; Quhal, F.; Rajwa, P.; Pradere, B.; Yanagisawa, T.; Bekku, K.; Laukhtina, E.; von Deimling, M.; Teoh, J.Y.; et al. Diagnostic Accuracy of Liquid Biomarkers for Clinically Significant Prostate Cancer Detection: A Systematic Review and Diagnostic Meta-analysis of Multiple Thresholds. Eur. Urol. Oncol. 2023; in press. [Google Scholar] [CrossRef] [PubMed]

	



Kielb, P.; Kowalczyk, K.; Gurwin, A.; Nowak, L.; Krajewski, W.; Sosnowski, R.; Szydelko, T.; Malkiewicz, B. Novel Histopathological Biomarkers in Prostate Cancer: Implications and Perspectives. Biomedicines 2023, 11, 1552. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Elbanna, K.Y.; Jang, H.J.; Kim, T.K. Imaging diagnosis and staging of pancreatic ductal adenocarcinoma: A comprehensive review. Insights Imaging 2020, 11, 58. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Costache, M.I.; Costache, C.A.; Dumitrescu, C.I.; Tica, A.A.; Popescu, M.; Baluta, E.A.; Anghel, A.C.; Saftoiu, A.; Dumitrescu, D. Which is the Best Imaging Method in Pancreatic Adenocarcinoma Diagnosis and Staging—CT, MRI or EUS? Curr. Health Sci. J. 2017, 43, 132–136. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Toft, J.; Hadden, W.J.; Laurence, J.M.; Lam, V.; Yuen, L.; Janssen, A.; Pleass, H. Imaging modalities in the diagnosis of pancreatic adenocarcinoma: A systematic review and meta-analysis of sensitivity, specificity and diagnostic accuracy. Eur. J. Radiol. 2017, 92, 17–23. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Benhammou, J.N.; Ghassemi, K.; Kim, S.; Sedarat, A.; Farrell, J.; Pisegna, J.R. Endoscopic Ultrasound-Guided Fine Needle Aspiration Accurately Diagnoses Smaller Pancreatic Neuroendocrine Tumors Compared to Computer Tomography-Guided Fine Needle Aspiration. J. Gastroenterol. Pancreatol. Liver Disord. 2017, 4, 1–7. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Chen, J.; Yang, R.; Lu, Y.; Xia, Y.; Zhou, H. Diagnostic accuracy of endoscopic ultrasound-guided fine-needle aspiration for solid pancreatic lesion: A systematic review. J. Cancer Res. Clin. Oncol. 2012, 138, 1433–1441. [Google Scholar] [CrossRef] [PubMed]

	



Gheorghe, G.; Bungau, S.; Ilie, M.; Behl, T.; Vesa, C.M.; Brisc, C.; Bacalbasa, N.; Turi, V.; Costache, R.S.; Diaconu, C.C. Early Diagnosis of Pancreatic Cancer: The Key for Survival. Diagnostics 2020, 10, 869. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Buenafe, A.C.; Dorrell, C.; Reddy, A.P.; Klimek, J.; Marks, D.L. Proteomic analysis distinguishes extracellular vesicles produced by cancerous versus healthy pancreatic organoids. Sci. Rep. 2022, 12, 3556. [Google Scholar] [CrossRef] [PubMed]

	



Fang, X.; Lan, H.; Jin, K.; Qian, J. Pancreatic cancer and exosomes: Role in progression, diagnosis, monitoring, and treatment. Front. Oncol. 2023, 13, 1149551. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Hinestrosa, J.P.; Kurzrock, R.; Lewis, J.M.; Schork, N.J.; Schroeder, G.; Kamat, A.M.; Lowy, A.M.; Eskander, R.N.; Perrera, O.; Searson, D.; et al. Early-stage multi-cancer detection using an extracellular vesicle protein-based blood test. Commun. Med. 2022, 2, 29. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Sogawa, K.; Takano, S.; Iida, F.; Satoh, M.; Tsuchida, S.; Kawashima, Y.; Yoshitomi, H.; Sanda, A.; Kodera, Y.; Takizawa, H.; et al. Identification of a novel serum biomarker for pancreatic cancer, C4b-binding protein alpha-chain (C4BPA) by quantitative proteomic analysis using tandem mass tags. Br. J. Cancer 2016, 115, 949–956. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Yang, J.; Zhang, Y.; Gao, X.; Yuan, Y.; Zhao, J.; Zhou, S.; Wang, H.; Wang, L.; Xu, G.; Li, X.; et al. Plasma-Derived Exosomal ALIX as a Novel Biomarker for Diagnosis and Classification of Pancreatic Cancer. Front. Oncol. 2021, 11, 628346. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Wu, X.; Zhang, Z.X.; Chen, X.Y.; Xu, Y.L.; Yin, N.; Yang, J.; Zhu, D.M.; Li, D.C.; Zhou, J. A Panel of Three Biomarkers Identified by iTRAQ for the Early Diagnosis of Pancreatic Cancer. Proteom. Clin. Appl. 2019, 13, e1800195. [Google Scholar] [CrossRef] [PubMed]

	



Jia, K.; Zhao, X.; Dang, X. Mass spectrometry-based iTRAQ analysis of serum markers in patients with pancreatic cancer. Oncol. Lett. 2020, 19, 4106–4114. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Yoshioka, Y.; Shimomura, M.; Saito, K.; Ishii, H.; Doki, Y.; Eguchi, H.; Nakatsura, T.; Itoi, T.; Kuroda, M.; Mori, M.; et al. Circulating cancer-associated extracellular vesicles as early detection and recurrence biomarkers for pancreatic cancer. Cancer Sci. 2022, 113, 3498–3509. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Liggett, T.; Melnikov, A.; Yi, Q.L.; Replogle, C.; Brand, R.; Kaul, K.; Talamonti, M.; Abrams, R.A.; Levenson, V. Differential methylation of cell-free circulating DNA among patients with pancreatic cancer versus chronic pancreatitis. Cancer 2010, 116, 1674–1680. [Google Scholar] [CrossRef] [PubMed]

	



Shapiro, B.; Chakrabarty, M.; Cohn, E.M.; Leon, S.A. Determination of circulating DNA levels in patients with benign or malignant gastrointestinal disease. Cancer 1983, 51, 2116–2120. [Google Scholar] [CrossRef] [PubMed]

	



Sun, K.; Jiang, P.; Chan, K.C.; Wong, J.; Cheng, Y.K.; Liang, R.H.; Chan, W.K.; Ma, E.S.; Chan, S.L.; Cheng, S.H.; et al. Plasma DNA tissue mapping by genome-wide methylation sequencing for noninvasive prenatal, cancer, and transplantation assessments. Proc. Natl. Acad. Sci. USA 2015, 112, E5503–E5512. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Leon, S.A.; Shapiro, B.; Sklaroff, D.M.; Yaros, M.J. Free DNA in the serum of cancer patients and the effect of therapy. Cancer Res. 1977, 37, 646–650. [Google Scholar] [PubMed]

	



Thierry, A.R.; El Messaoudi, S.; Gahan, P.B.; Anker, P.; Stroun, M. Origins, structures, and functions of circulating DNA in oncology. Cancer Metastasis Rev. 2016, 35, 347–376. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Chan, K.C.; Jiang, P.; Chan, C.W.; Sun, K.; Wong, J.; Hui, E.P.; Chan, S.L.; Chan, W.C.; Hui, D.S.; Ng, S.S.; et al. Noninvasive detection of cancer-associated genome-wide hypomethylation and copy number aberrations by plasma DNA bisulfite sequencing. Proc. Natl. Acad. Sci. USA 2013, 110, 18761–18768. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Wan, J.C.M.; Massie, C.; Garcia-Corbacho, J.; Mouliere, F.; Brenton, J.D.; Caldas, C.; Pacey, S.; Baird, R.; Rosenfeld, N. Liquid biopsies come of age: Towards implementation of circulating tumour DNA. Nat. Rev. Cancer 2017, 17, 223–238. [Google Scholar] [CrossRef] [PubMed]

	



Nakamura, Y.; Shitara, K. Development of circulating tumour DNA analysis for gastrointestinal cancers. ESMO Open 2020, 5 (Suppl. S1), e000600. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Sorenson, G.D.; Pribish, D.M.; Valone, F.H.; Memoli, V.A.; Bzik, D.J.; Yao, S.L. Soluble normal and mutated DNA sequences from single-copy genes in human blood. Cancer Epidemiol. Biomarkers Prev. 1994, 3, 67–71. [Google Scholar] [PubMed]

	



Brychta, N.; Krahn, T.; von Ahsen, O. Detection of KRAS Mutations in Circulating Tumor DNA by Digital PCR in Early Stages of Pancreatic Cancer. Clin. Chem. 2016, 62, 1482–1491. [Google Scholar] [CrossRef] [PubMed]

	



Botrus, G.; Fu, Y.; Sonbol, M.B.; Drusbosky, L.; Ahn, D.H.; Borad, M.J.; Starr, J.S.; Jones, J.C.; Raman, P.; Mody, K.; et al. Serial cell-free DNA (cfDNA) sampling in advanced pancreatic ductal adenocarcinoma (PDAC) patients may predict therapeutic outcome. J. Clin. Oncol. 2021, 39 (Suppl. S3), 423. [Google Scholar] [CrossRef]

	



Dianxu, F.; Shengdao, Z.; Tianquan, H.; Yu, J.; Ruoqing, L.; Zurong, Y.; Xuezhi, W. A prospective study of detection of pancreatic carcinoma by combined plasma K-ras mutations and serum CA19-9 analysis. Pancreas 2002, 25, 336–341. [Google Scholar] [CrossRef] [PubMed]

	



Sausen, M.; Phallen, J.; Adleff, V.; Jones, S.; Leary, R.J.; Barrett, M.T.; Anagnostou, V.; Parpart-Li, S.; Murphy, D.; Kay Li, Q.; et al. Clinical implications of genomic alterations in the tumour and circulation of pancreatic cancer patients. Nat. Commun. 2015, 6, 7686. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Liu, X.; Liu, L.; Ji, Y.; Li, C.; Wei, T.; Yang, X.; Zhang, Y.; Cai, X.; Gao, Y.; Xu, W.; et al. Enrichment of short mutant cell-free DNA fragments enhanced detection of pancreatic cancer. EBioMedicine 2019, 41, 345–356. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Zhao, Y.; Yang, M.; Wang, S.; Abbas, S.J.; Zhang, J.; Li, Y.; Shao, R.; Liu, Y. An Overview of Epigenetic Methylation in Pancreatic Cancer Progression. Front. Oncol. 2022, 12, 854773. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Natale, F.; Vivo, M.; Falco, G.; Angrisano, T. Deciphering DNA methylation signatures of pancreatic cancer and pancreatitis. Clin. Epigenetics 2019, 11, 132. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Yi, J.M.; Guzzetta, A.A.; Bailey, V.J.; Downing, S.R.; Van Neste, L.; Chiappinelli, K.B.; Keeley, B.P.; Stark, A.; Herrera, A.; Wolfgang, C.; et al. Novel methylation biomarker panel for the early detection of pancreatic cancer. Clin. Cancer Res. 2013, 19, 6544–6555. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Eissa, M.A.L.; Lerner, L.; Abdelfatah, E.; Shankar, N.; Canner, J.K.; Hasan, N.M.; Yaghoobi, V.; Huang, B.; Kerner, Z.; Takaesu, F.; et al. Promoter methylation of ADAMTS1 and BNC1 as potential biomarkers for early detection of pancreatic cancer in blood. Clin. Epigenetics 2019, 11, 59. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Ying, L.; Sharma, A.; Chhoda, A.; Ruzgar, N.; Hasan, N.; Kwak, R.; Wolfgang, C.L.; Wang, T.H.; Kunstman, J.W.; Salem, R.R.; et al. Methylation-based Cell-free DNA Signature for Early Detection of Pancreatic Cancer. Pancreas 2021, 50, 1267–1273. [Google Scholar] [CrossRef] [PubMed]

	



Shinjo, K.; Hara, K.; Nagae, G.; Umeda, T.; Katsushima, K.; Suzuki, M.; Murofushi, Y.; Umezu, Y.; Takeuchi, I.; Takahashi, S.; et al. A novel sensitive detection method for DNA methylation in circulating free DNA of pancreatic cancer. PLoS ONE 2020, 15, e0233782. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



García-Ortiz, M.V.; Cano-Ramírez, P.; Toledano-Fonseca, M.; Cano, M.T.; Inga-Saavedra, E.; Rodríguez-Alonso, R.M.; Guil-Luna, S.; Gómez-España, M.A.; Rodríguez-Ariza, A.; Aranda, E. Circulating NPTX2 methylation as a non-invasive biomarker for prognosis and monitoring of metastatic pancreatic cancer. Clin. Epigenetics 2023, 15, 118. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Lv, Y.; Huang, S. Role of non-coding RNA in pancreatic cancer. Oncol. Lett. 2019, 18, 3963–3973. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Li, Y.; Al Hallak, M.N.; Philip, P.A.; Azmi, A.S.; Mohammad, R.M. Non-Coding RNAs in Pancreatic Cancer Diagnostics and Therapy: Focus on lncRNAs, circRNAs, and piRNAs. Cancers 2021, 13, 4161. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Macfarlane, L.A.; Murphy, P.R. MicroRNA: Biogenesis, Function and Role in Cancer. Curr. Genom. 2010, 11, 537–561. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Kojima, M.; Sudo, H.; Kawauchi, J.; Takizawa, S.; Kondou, S.; Nobumasa, H.; Ochiai, A. MicroRNA markers for the diagnosis of pancreatic and biliary-tract cancers. PLoS ONE 2015, 10, e0118220. [Google Scholar] [CrossRef] [PubMed]

	



Habbe, N.; Koorstra, J.B.; Mendell, J.T.; Offerhaus, G.J.; Ryu, J.K.; Feldmann, G.; Mullendore, M.E.; Goggins, M.G.; Hong, S.M.; Maitra, A. MicroRNA miR-155 is a biomarker of early pancreatic neoplasia. Cancer Biol. Ther. 2009, 8, 340–346. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Liu, J.; Gao, J.; Du, Y.; Li, Z.; Ren, Y.; Gu, J.; Wang, X.; Gong, Y.; Wang, W.; Kong, X. Combination of plasma microRNAs with serum CA19-9 for early detection of pancreatic cancer. Int. J. Cancer 2012, 131, 683–691. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.; Hou, S.; Ye, Z.; Wang, W.; Hu, X.; Hang, Q. Long Non-Coding RNAs in Pancreatic Cancer: Biologic Functions, Mechanisms, and Clinical Significance. Cancers 2022, 14, 2115. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Ma, Y.; He, X.; Di, Y.; Liu, S.; Zhan, Q.; Bai, Z.; Qiu, T.; Corpe, C.; Wang, J. Identification of prognostic immune-related lncRNAs in pancreatic cancer. Front. Immunol. 2022, 13, 1005695. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Gao, H.; Gong, N.; Ma, Z.; Miao, X.; Chen, J.; Cao, Y.; Zhang, G. LncRNA ZEB2-AS1 promotes pancreatic cancer cell growth and invasion through regulating the miR-204/HMGB1 axis. Int. J. Biol. Macromol. 2018, 116, 545–551. [Google Scholar] [CrossRef] [PubMed]

	



Li, L.; Zhang, G.Q.; Chen, H.; Zhao, Z.J.; Chen, H.Z.; Liu, H.; Wang, G.; Jia, Y.H.; Pan, S.H.; Kong, R.; et al. Plasma and tumor levels of Linc-pint are diagnostic and prognostic biomarkers for pancreatic cancer. Oncotarget 2016, 7, 71773–71781. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Xie, Z.; Chen, X.; Li, J.; Guo, Y.; Li, H.; Pan, X.; Jiang, J.; Liu, H.; Wu, B. Salivary HOTAIR and PVT1 as novel biomarkers for early pancreatic cancer. Oncotarget 2016, 7, 25408–25419. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Seimiya, T.; Otsuka, M.; Fujishiro, M. Roles of circular RNAs in the pathogenesis and treatment of pancreatic cancer. Front. Cell. Dev. Biol. 2022, 10, 1023332. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Zhao, R.; Han, Z.; Zhou, H.; Xue, Y.; Chen, X.; Cao, X. Diagnostic and prognostic role of circRNAs in pancreatic cancer: A meta-analysis. Front. Oncol. 2023, 13, 1174577. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Yan, H.; Wen, Y.; Tian, Z.; Hart, N.; Han, S.; Hughes, S.J.; Zeng, Y. A one-pot isothermal Cas12-based assay for the sensitive detection of microRNAs. Nat. Biomed. Eng. 2023, 7, 1583–1601. [Google Scholar] [CrossRef] [PubMed]

	



Hameed, B.S.; Krishnan, U.M. Artificial Intelligence-Driven Diagnosis of Pancreatic Cancer. Cancers 2022, 14, 5382. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Zhang, L.; Pleskow, D.K.; Turzhitsky, V.; Yee, E.U.; Berzin, T.M.; Sawhney, M.; Shinagare, S.; Vitkin, E.; Zakharov, Y.; Khan, U.; et al. Light scattering spectroscopy identifies the malignant potential of pancreatic cysts during endoscopy. Nat. Biomed. Eng. 2017, 1, 0040. [Google Scholar] [CrossRef]

	



Liu, Y.; Brand, R.E.; Turzhitsky, V.; Kim, Y.L.; Roy, H.K.; Hasabou, N.; Sturgis, C.; Shah, D.; Hall, C.; Backman, V. Optical Markers in Duodenal Mucosa Predict the Presence of Pancreatic Cancer. Clin. Cancer Res. 2007, 13, 4392–4399. [Google Scholar] [CrossRef]

	



Brussow, H. The human microbiome project at ten years—Some critical comments and reflections on “our third genome”, the human virome. Microbiome Res. Rep. 2023, 2, 7. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Kustrimovic, N.; Bombelli, R.; Baci, D.; Mortara, L. Microbiome and Prostate Cancer: A Novel Target for Prevention and Treatment. Int. J. Mol. Sci. 2023, 24, 1511. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Miyake, M.; Tatsumi, Y.; Ohnishi, K.; Fujii, T.; Nakai, Y.; Tanaka, N.; Fujimoto, K. Prostate diseases and microbiome in the prostate, gut, and urine. Prostate Int. 2022, 10, 96–107. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Zitvogel, L.; Tesniere, A.; Kroemer, G. Cancer despite immunosurveillance: Immunoselection and immunosubversion. Nat. Rev. Immunol. 2006, 6, 715–727. [Google Scholar] [CrossRef] [PubMed]

	



Smith, J.P.; Cao, H.; Edmondson, E.F.; Dasa, S.S.K.; Stern, S.T. Cholecystokinin-B Receptor-Targeted Nanoparticle for Imaging and Detection of Precancerous Lesions in the Pancreas. Biomolecules 2021, 11, 1766. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Papi, M.; Palmieri, V.; Digiacomo, L.; Giulimondi, F.; Palchetti, S.; Ciasca, G.; Perini, G.; Caputo, D.; Cartillone, M.C.; Cascone, C.; et al. Converting the personalized biomolecular corona of graphene oxide nanoflakes into a high-throughput diagnostic test for early cancer detection. Nanoscale 2019, 11, 15339–15346. [Google Scholar] [CrossRef] [PubMed]

	



Rehman, S.; Umer, A.; Kuncewitch, M.; Molmenti, E. Whipple Procedure: Pancreaticogastrostomy Versus Pancreaticojejunostomy: A Literature Review. J. Ayub Med. Coll. Abbottabad 2016, 28, 179–182. [Google Scholar] [PubMed]

	



Leroux, C.; Konstantinidou, G. Targeted Therapies for Pancreatic Cancer: Overview of Current Treatments and New Opportunities for Personalized Oncology. Cancers 2021, 13, 799. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Cazacu, I.M.; Singh, B.S.; Martin-Paulpeter, R.M.; Beddar, S.; Chun, S.; Holliday, E.B.; Koong, A.C.; Das, P.; Koay, E.J.; Taniguchi, C.; et al. Endoscopic Ultrasound-Guided Fiducial Placement for Stereotactic Body Radiation Therapy in Patients with Pancreatic Cancer. Cancers 2023, 15, 5355. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Daamen, L.A.; Parikh, P.J.; Hall, W.A. The Use of MR-Guided Radiation Therapy for Pancreatic Cancer. Semin. Radiat. Oncol. 2024, 34, 23–35. [Google Scholar] [CrossRef] [PubMed]

	



Mohamed, A.E.; Mahmoud, A.M.; Mohamed, W.R.; Mohamed, T. Femtosecond laser attenuates oxidative stress, inflammation, and liver fibrosis in rats: Possible role of PPARγ and Nrf2/HO-1 signaling. Life Sci. 2022, 307, 120877. [Google Scholar] [CrossRef] [PubMed]

	



Taha, S.; Mohamed, W.R.; Elhemely, M.A.; El-Gendy, A.O.; Mohamed, T. Tunable femtosecond laser suppresses the proliferation of breast cancer in vitro. J. Photochem. Photobiol. B 2023, 240, 112665. [Google Scholar] [CrossRef] [PubMed]

	



Laface, C.; Memeo, R.; Maselli, F.M.; Santoro, A.N.; Iaia, M.L.; Ambrogio, F.; Laterza, M.; Cazzato, G.; Guarini, C.; De Santis, P.; et al. Immunotherapy and Pancreatic Cancer: A Lost Challenge? Life 2023, 13, 1482. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Jiang, W.; Liang, M.; Lei, Q.; Li, G.; Wu, S. The Current Status of Photodynamic Therapy in Cancer Treatment. Cancers 2023, 15, 585. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Mazur, R.; Trna, J. Principles of Palliative and Supportive Care in Pancreatic Cancer: A Review. Biomedicines 2023, 11, 2690. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Garbuzenko, O.B.; Sapiezynski, J.; Girda, E.; Rodriguez-Rodriguez, L.; Minko, T. Personalized Versus Precision Nanomedicine for Treatment of Ovarian Cancer. Small 2024, e2307462. [Google Scholar] [CrossRef] [PubMed]

	



Crombé, A.; Spinnato, P.; Italiano, A.; Brisse, H.J.; Feydy, A.; Fadli, D.; Kind, M. Radiomics and artificial intelligence for soft-tissue sarcomas: Current status and perspectives. Diagn. Interv. Imaging 2023, 104, 567–583. [Google Scholar] [CrossRef] [PubMed]

	



Lu, C.; Shiradkar, R.; Liu, Z. Integrating pathomics with radiomics and genomics for cancer prognosis: A brief review. Chin. J. Cancer Res. 2021, 33, 563–573. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Vendittelli PSmeets, E.M.; Litjens, G. Automatic tumour segmentation in H&E-stained whole-slide images of the pancreas. arXiv 2021, arXiv:2112.01533v2. [Google Scholar]

	



Garbuzenko, O.B.; Saad, M.; Pozharov, V.P.; Reuhl, K.R.; Mainelis, G.; Minko, T. Inhibition of lung tumor growth by complex pulmonary delivery of drugs with oligonucleotides as suppressors of cellular resistance. Proc. Natl. Acad. Sci. USA 2010, 107, 10737–10742. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Minko, T.; Rodriguez-Rodriguez, L.; Pozharov, V. Nanotechnology approaches for personalized treatment of multidrug resistant cancers. Adv. Drug Deliv. Rev. 2013, 65, 1880–1895. [Google Scholar] [CrossRef] [PubMed]

	



Pakunlu, R.I.; Cook, T.J.; Minko, T. Simultaneous modulation of multidrug resistance and antiapoptotic cellular defense by MDR1 and BCL-2 targeted antisense oligonucleotides enhances the anticancer efficacy of doxorubicin. Pharm. Res. 2003, 20, 351–359. [Google Scholar] [CrossRef] [PubMed]

	



Pakunlu, R.I.; Wang, Y.; Saad, M.; Khandare, J.J.; Starovoytov, V.; Minko, T. In vitro and in vivo intracellular liposomal delivery of antisense oligonucleotides and anticancer drug. J. Control. Release 2006, 114, 153–162. [Google Scholar] [CrossRef] [PubMed]

	



Pakunlu, R.I.; Wang, Y.; Tsao, W.; Pozharov, V.; Cook, T.J.; Minko, T. Enhancement of the efficacy of chemotherapy for lung cancer by simultaneous suppression of multidrug resistance and antiapoptotic cellular defense: Novel multicomponent delivery system. Cancer Res. 2004, 64, 6214–6224. [Google Scholar] [CrossRef] [PubMed]

	



Saad, M.; Garbuzenko, O.B.; Minko, T. Co-delivery of siRNA and an anticancer drug for treatment of multidrug-resistant cancer. Nanomedicine 2008, 3, 761–776. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Taratula, O.; Garbuzenko, O.B.; Chen, A.M.; Minko, T. Innovative strategy for treatment of lung cancer: Targeted nanotechnology-based inhalation co-delivery of anticancer drugs and siRNA. J. Drug Target. 2011, 19, 900–914. [Google Scholar] [CrossRef] [PubMed]

	



Taratula, O.; Kuzmov, A.; Shah, M.; Garbuzenko, O.B.; Minko, T. Nanostructured lipid carriers as multifunctional nanomedicine platform for pulmonary co-delivery of anticancer drugs and siRNA. J. Control. Release 2013, 171, 349–357. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Wang, Y.; Minko, T. A novel cancer therapy: Combined liposomal hypoxia inducible factor 1 alpha antisense oligonucleotides and an anticancer drug. Biochem. Pharmacol. 2004, 68, 2031–2042. [Google Scholar] [CrossRef] [PubMed]

	



Benkhaled, S.; Peters, C.; Jullian, N.; Arsenijevic, T.; Navez, J.; Van Gestel, D.; Moretti, L.; Van Laethem, J.L.; Bouchart, C. Combination, Modulation and Interplay of Modern Radiotherapy with the Tumor Microenvironment and Targeted Therapies in Pancreatic Cancer: Which Candidates to Boost Radiotherapy? Cancers 2023, 15, 768. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



McCubrey, J.A.; Abrams, S.L.; Follo, M.Y.; Manzoli, L.; Ratti, S.; Martelli, A.M.; Cervello, M. Effects of chloroquine and hydroxychloroquine on the sensitivity of pancreatic cancer cells to targeted therapies. Adv. Biol. Regul. 2023, 87, 100917. [Google Scholar] [CrossRef] [PubMed]

	



Telisnor, G.; DeRemer, D.L.; Frimpong, E.; Agyare, E.; Allen, J.; Ricks-Santi, L.; Han, B.; George, T.; Rogers, S.C. Review of genetic and pharmacogenetic differences in cytotoxic and targeted therapies for pancreatic cancer in African Americans. J. Natl. Med. Assoc. 2023, 115, 164–174. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Aslan, M.; Shahbazi, R.; Ulubayram, K.; Ozpolat, B. Targeted Therapies for Pancreatic Cancer and Hurdles Ahead. Anticancer Res. 2018, 38, 6591–6606. [Google Scholar] [CrossRef] [PubMed]

	



Weinhold, B. Epigenetics: The science of change. Environ. Health Perspect. 2006, 114, A160–A167. [Google Scholar] [CrossRef]

	



Aviles, D.; Warshal, D.; Buchbinder, M.; Ostrovsky, O. Influence of Aberrant Epigenetic Changes and the Tumor Microenvironment in Ovarian Cancer Metastasis. In Metastasis; Sergi, C.M., Ed.; Exon Publications: Brisbane, Austrilia, 2022. [Google Scholar] [CrossRef]

	



Azmi, A.S.; Beck, F.W.; Bao, B.; Mohammad, R.M.; Sarkar, F.H. Aberrant epigenetic grooming of miRNAs in pancreatic cancer: A systems biology perspective. Epigenomics 2011, 3, 747–759. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Coronel-Hernandez, J.; Perez-Yepez, E.A.; Delgado-Waldo, I.; Contreras-Romero, C.; Jacobo-Herrera, N.; Cantu-De Leon, D.; Perez-Plasencia, C. Aberrant Metabolism as Inductor of Epigenetic Changes in Breast Cancer: Therapeutic Opportunities. Front. Oncol. 2021, 11, 676562. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Gao, D.; Herman, J.G.; Guo, M. The clinical value of aberrant epigenetic changes of DNA damage repair genes in human cancer. Oncotarget 2016, 7, 37331–37346. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Juergens, R.A.; Rudin, C.M. Aberrant epigenetic regulation: A central contributor to lung carcinogenesis and a new therapeutic target. Am. Soc. Clin. Oncol. Educ. Book 2013, 33, e295–e300. [Google Scholar] [CrossRef] [PubMed]

	



Ciernikova, S.; Earl, J.; García Bermejo, M.L.; Stevurkova, V.; Carrato, A.; Smolkova, B. Epigenetic Landscape in Pancreatic Ductal Adenocarcinoma: On the Way to Overcoming Drug Resistance? Int. J. Mol. Sci. 2020, 21, 4091. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Kuhn, D.E.; Martin, M.M.; Feldman, D.S.; Terry, A.V., Jr.; Nuovo, G.J.; Elton, T.S. Experimental validation of miRNA targets. Methods 2008, 44, 47–54. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Matsui, A.; Uchida, S.; Ishii, T.; Itaka, K.; Kataoka, K. Messenger RNA-based therapeutics for the treatment of apoptosis-associated diseases. Sci. Rep. 2015, 5, 15810. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Wong, K.K. DNMT1 as a therapeutic target in pancreatic cancer: Mechanisms and clinical implications. Cell. Oncol. 2020, 43, 779–792. [Google Scholar] [CrossRef] [PubMed]

	



Zagorac, S.; Alcala, S.; Fernandez Bayon, G.; Bou Kheir, T.; Schoenhals, M.; Gonzalez-Neira, A.; Fernandez Fraga, M.; Aicher, A.; Heeschen, C.; Sainz, B., Jr. DNMT1 Inhibition Reprograms Pancreatic Cancer Stem Cells via Upregulation of the miR-17-92 Cluster. Cancer Res. 2016, 76, 4546–4558. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Tian, X.; Zhang, S.; Liu, H.M.; Zhang, Y.B.; Blair, C.A.; Mercola, D.; Sassone-Corsi, P.; Zi, X. Histone lysine-specific methyltransferases and demethylases in carcinogenesis: New targets for cancer therapy and prevention. Curr. Cancer Drug Targets 2013, 13, 558–579. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Falchook, G.; Rosen, S.; LoRusso, P.; Watts, J.; Gupta, S.; Coombs, C.C.; Talpaz, M.; Kurzrock, R.; Mita, M.; Cassaday, R.; et al. Development of 2 Bromodomain and Extraterminal Inhibitors with Distinct Pharmacokinetic and Pharmacodynamic Profiles for the Treatment of Advanced Malignancies. Clin. Cancer Res. 2020, 26, 1247–1257. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



LaRue, M.M.; Parker, S.; Puccini, J.; Cammer, M.; Kimmelman, A.C.; Bar-Sagi, D. Metabolic reprogramming of tumor-associated macrophages by collagen turnover promotes fibrosis in pancreatic cancer. Proc. Natl. Acad. Sci. USA 2022, 119, e2119168119. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Li, X.; Zhou, J.; Wang, X.; Li, C.; Ma, Z.; Wan, Q.; Peng, F. Pancreatic cancer and fibrosis: Targeting metabolic reprogramming and crosstalk of cancer-associated fibroblasts in the tumor microenvironment. Front. Immunol. 2023, 14, 1152312. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Stagos, D. Antioxidant Activity of Polyphenolic Plant Extracts. Antioxidants 2019, 9, 19. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Andersen, H.B.; Ialchina, R.; Pedersen, S.F.; Czaplinska, D. Metabolic reprogramming by driver mutation-tumor microenvironment interplay in pancreatic cancer: New therapeutic targets. Cancer Metastasis Rev. 2021, 40, 1093–1114. [Google Scholar] [CrossRef] [PubMed]

	



Gao, S.; Yang, D.; Fang, Y.; Lin, X.; Jin, X.; Wang, Q.; Wang, X.; Ke, L.; Shi, K. Engineering Nanoparticles for Targeted Remodeling of the Tumor Microenvironment to Improve Cancer Immunotherapy. Theranostics 2019, 9, 126–151. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Li, M.; Zhang, F.; Su, Y.; Zhou, J.; Wang, W. Nanoparticles designed to regulate tumor microenvironment for cancer therapy. Life Sci. 2018, 201, 37–44. [Google Scholar] [CrossRef]

	



Song, W.-F.; Zheng, D.; Zeng, S.-M.; Zeng, X.; Zhang, X.-Z. Targeting to Tumor-Harbored Bacteria for Precision Tumor Therapy. ACS Nano 2022, 16, 17402–17413. [Google Scholar] [CrossRef]

	



Duong, M.T.-Q.; Qin, Y.; You, S.-H.; Min, J.-J. Bacteria-cancer interactions: Bacteria-based cancer therapy. Exp. Mol. Med. 2019, 51, 1–15. [Google Scholar] [CrossRef] [PubMed]

	



Haist, M.; Stege, H.; Grabbe, S.; Bros, M. The Functional Crosstalk between Myeloid-Derived Suppressor Cells and Regulatory T Cells within the Immunosuppressive Tumor Microenvironment. Cancers 2021, 13, 210. [Google Scholar] [CrossRef]

	



Kim, T.J.; Koo, K.C. Current Status and Future Perspectives of Checkpoint Inhibitor Immunotherapy for Prostate Cancer: A Comprehensive Review. Int. J. Mol. Sci. 2020, 21, 5484. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Raskov, H.; Orhan, A.; Christensen, J.P.; Gögenur, I. Cytotoxic CD8+ T cells in cancer and cancer immunotherapy. Br. J. Cancer 2021, 124, 359–367. [Google Scholar] [CrossRef]

	



Looi, C.K.; Chung, F.F.; Leong, C.O.; Wong, S.F.; Rosli, R.; Mai, C.W. Therapeutic challenges and current immunomodulatory strategies in targeting the immunosuppressive pancreatic tumor microenvironment. J. Exp. Clin. Cancer Res. 2019, 38, 162. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Zhao, J.-F.; Zou, F.-L.; Zhu, J.-F.; Huang, C.; Bu, F.-Q.; Zhu, Z.-M.; Yuan, R.-F. Nano-drug delivery system for pancreatic cancer: A visualization and bibliometric analysis. Front. Pharmacol. 2022, 13, 1025618. [Google Scholar] [CrossRef]

	



Noubissi Nzeteu, G.A.; Gibbs, B.F.; Kotnik, N.; Troja, A.; Bockhorn, M.; Meyer, N.H. Nanoparticle-based immunotherapy of pancreatic cancer. Front. Mol. Biosci. 2022, 9, 948898. [Google Scholar] [CrossRef]

	



Tarannum, M.; Vivero-Escoto, J.L. Nanoparticle-based therapeutic strategies targeting major clinical challenges in pancreatic cancer treatment. Adv. Drug Deliv. Rev. 2022, 187, 114357. [Google Scholar] [CrossRef] [PubMed]

	



Viegas, C.; Patricio, A.B.; Prata, J.; Fonseca, L.; Macedo, A.S.; Duarte, S.O.D.; Fonte, P. Advances in Pancreatic Cancer Treatment by Nano-Based Drug Delivery Systems. Pharmaceutics 2023, 15, 2363. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Gustafson, H.H.; Holt-Casper, D.; Grainger, D.W.; Ghandehari, H. Nanoparticle Uptake: The Phagocyte Problem. Nano Today 2015, 10, 487–510. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Barenholz, Y. Doxil(R)—The first FDA-approved nano-drug: Lessons learned. J. Control. Release 2012, 160, 117–134. [Google Scholar] [CrossRef] [PubMed]

	



Mitchell, M.J.; Billingsley, M.M.; Haley, R.M.; Wechsler, M.E.; Peppas, N.A.; Langer, R. Engineering precision nanoparticles for drug delivery. Nat. Rev. Drug Discov. 2021, 20, 101–124. [Google Scholar] [CrossRef] [PubMed]

	



Greene, M.K.; Johnston, M.C.; Scott, C.J. Nanomedicine in Pancreatic Cancer: Current Status and Future Opportunities for Overcoming Therapy Resistance. Cancers 2021, 13, 6175. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Patra, J.K.; Das, G.; Fraceto, L.F.; Campos, E.V.R.; Rodriguez-Torres, M.d.P.; Acosta-Torres, L.S.; Diaz-Torres, L.A.; Grillo, R.; Swamy, M.K.; Sharma, S.; et al. Nano based drug delivery systems: Recent developments and future prospects. J. Nanobiotechnology 2018, 16, 71. [Google Scholar] [CrossRef] [PubMed]

	



Torchilin, V.P. Recent advances with liposomes as pharmaceutical carriers. Nat. Rev. Drug Discov. 2005, 4, 145–160. [Google Scholar] [CrossRef]

	



Deshpande, P.P.; Biswas, S.; Torchilin, V.P. Current trends in the use of liposomes for tumor targeting. Nanomedicine 2013, 8, 1509–1528. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Nsairat, H.; Khater, D.; Sayed, U.; Odeh, F.; Al Bawab, A.; Alshaer, W. Liposomes: Structure, composition, types, and clinical applications. Heliyon 2022, 8, e09394. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Ramanathan, R.K.; Korn, R.L.; Sachdev, J.C.; Fetterly, G.J.; Jameson, G.; Marceau, K.; Marsh, V.; Raghunand, N.; Prey, J.; Klinz, S.G.; et al. 261 Lesion characterization with ferumoxytol MRI in patients with advanced solid tumors and correlation with treatment response to MM-398, nanoliposomal irinotecan (nal-IRI). Eur. J. Cancer 2014, 50, 87. [Google Scholar] [CrossRef]

	



Kalra, A.V.; Kim, J.; Klinz, S.G.; Paz, N.; Cain, J.; Drummond, D.C.; Nielsen, U.B.; Fitzgerald, J.B. Preclinical activity of nanoliposomal irinotecan is governed by tumor deposition and intratumor prodrug conversion. Cancer Res. 2014, 74, 7003–7013. [Google Scholar] [CrossRef] [PubMed]

	



Wang-Gillam, A.; Li, C.P.; Bodoky, G.; Dean, A.; Shan, Y.S.; Jameson, G.; Macarulla, T.; Lee, K.H.; Cunningham, D.; Blanc, J.F.; et al. Nanoliposomal irinotecan with fluorouracil and folinic acid in metastatic pancreatic cancer after previous gemcitabine-based therapy (NAPOLI-1): A global, randomised, open-label, phase 3 trial. Lancet 2016, 387, 545–557. [Google Scholar] [CrossRef] [PubMed]

	



Wainberg, Z.A.; Melisi, D.; Macarulla, T.; Pazo Cid, R.; Chandana, S.R.; De La Fouchardiere, C.; Dean, A.; Kiss, I.; Lee, W.J.; Goetze, T.O.; et al. NALIRIFOX versus nab-paclitaxel and gemcitabine in treatment-naive patients with metastatic pancreatic ductal adenocarcinoma (NAPOLI 3): A randomised, open-label, phase 3 trial. Lancet 2023, 402, 1272–1281. [Google Scholar] [CrossRef] [PubMed]

	



Sivadasan, D.; Ramakrishnan, K.; Mahendran, J.; Ranganathan, H.; Karuppaiah, A.; Rahman, H. Solid Lipid Nanoparticles: Applications and Prospects in Cancer Treatment. Int. J. Mol. Sci. 2023, 24, 6199. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Ferreira, R.G.; Narvaez, L.E.M.; Espindola, K.M.M.; Rosario, A.; Lima, W.G.N.; Monteiro, M.C. Can Nimesulide Nanoparticles Be a Therapeutic Strategy for the Inhibition of the KRAS/PTEN Signaling Pathway in Pancreatic Cancer? Front. Oncol. 2021, 11, 594917. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Affram, K.O.; Smith, T.; Ofori, E.; Krishnan, S.; Underwood, P.; Trevino, J.G.; Agyare, E. Cytotoxic effects of gemcitabine-loaded solid lipid nanoparticles in pancreatic cancer cells. J. Drug Deliv. Sci. Technol. 2020, 55, 101374. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Xu, W.; Bae, E.J.; Lee, M.K. Enhanced anticancer activity and intracellular uptake of paclitaxel-containing solid lipid nanoparticles in multidrug-resistant breast cancer cells. Int. J. Nanomed. 2018, 13, 7549–7563. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Gomez-Aguado, I.; Rodriguez-Castejon, J.; Vicente-Pascual, M.; Rodriguez-Gascon, A.; Pozo-Rodriguez, A.D.; Solinis Aspiazu, M.A. Nucleic Acid Delivery by Solid Lipid Nanoparticles Containing Switchable Lipids: Plasmid DNA vs. Messenger RNA. Molecules 2020, 25, 5995. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Mehnert, W.; Mader, K. Solid lipid nanoparticles: Production, characterization and applications. Adv. Drug Deliv. Rev. 2001, 47, 165–196. [Google Scholar] [CrossRef] [PubMed]

	



Shidhaye, S.S.; Vaidya, R.; Sutar, S.; Patwardhan, A.; Kadam, V.J. Solid lipid nanoparticles and nanostructured lipid carriers--innovative generations of solid lipid carriers. Curr. Drug Deliv. 2008, 5, 324–331. [Google Scholar] [CrossRef] [PubMed]

	



Ghasemiyeh, P.; Mohammadi-Samani, S. Solid lipid nanoparticles and nanostructured lipid carriers as novel drug delivery systems: Applications, advantages and disadvantages. Res. Pharm. Sci. 2018, 13, 288–303. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Lu, Z.; Su, J.; Li, Z.; Zhan, Y.; Ye, D. Hyaluronic acid-coated, prodrug-based nanostructured lipid carriers for enhanced pancreatic cancer therapy. Drug Dev. Ind. Pharm. 2017, 43, 160–170. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.; Liu, S.; Jia, L.; Chu, F.; Zhou, Y.; He, Z.; Guo, M.; Chen, C.; Xu, L. Nanostructured lipid carriers for MicroRNA delivery in tumor gene therapy. Cancer Cell Int. 2018, 18, 101. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Gajbhiye, K.R.; Salve, R.; Narwade, M.; Sheikh, A.; Kesharwani, P.; Gajbhiye, V. Lipid polymer hybrid nanoparticles: A custom-tailored next-generation approach for cancer therapeutics. Mol. Cancer 2023, 22, 160. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Mohanty, A.; Uthaman, S.; Park, I.K. Utilization of Polymer-Lipid Hybrid Nanoparticles for Targeted Anti-Cancer Therapy. Molecules 2020, 25, 4377. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Hu, C.M.; Kaushal, S.; Tran Cao, H.S.; Aryal, S.; Sartor, M.; Esener, S.; Bouvet, M.; Zhang, L. Half-antibody functionalized lipid-polymer hybrid nanoparticles for targeted drug delivery to carcinoembryonic antigen presenting pancreatic cancer cells. Mol. Pharm. 2010, 7, 914–920. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Zhao, X.; Li, F.; Li, Y.; Wang, H.; Ren, H.; Chen, J.; Nie, G.; Hao, J. Co-delivery of HIF1alpha siRNA and gemcitabine via biocompatible lipid-polymer hybrid nanoparticles for effective treatment of pancreatic cancer. Biomaterials 2015, 46, 13–25, Erratum in Biomaterials 2022, 280, 121296. https://doi.org/10.1016/j.biomaterials.2021.121296. PMID: 34890971. [Google Scholar] [CrossRef]

	



Lu, J.; Liu, X.; Liao, Y.P.; Salazar, F.; Sun, B.; Jiang, W.; Chang, C.H.; Jiang, J.; Wang, X.; Wu, A.M.; et al. Nano-enabled pancreas cancer immunotherapy using immunogenic cell death and reversing immunosuppression. Nat. Commun. 2017, 8, 1811. [Google Scholar] [CrossRef] [PubMed]

	



Perez-Herrero, E.; Fernandez-Medarde, A. Advanced targeted therapies in cancer: Drug nanocarriers, the future of chemotherapy. Eur. J. Pharm. Biopharm. 2015, 93, 52–79. [Google Scholar] [CrossRef] [PubMed]

	



Kulkarni, P.; Haldar, M.K.; You, S.; Choi, Y.; Mallik, S. Hypoxia-Responsive Polymersomes for Drug Delivery to Hypoxic Pancreatic Cancer Cells. Biomacromolecules 2016, 17, 2507–2513. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Manzur, A.; Oluwasanmi, A.; Moss, D.; Curtis, A.; Hoskins, C. Nanotechnologies in Pancreatic Cancer Therapy. Pharmaceutics 2017, 9, 39. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Von Hoff, D.D.; Ramanathan, R.K.; Borad, M.J.; Laheru, D.A.; Smith, L.S.; Wood, T.E.; Korn, R.L.; Desai, N.; Trieu, V.; Iglesias, J.L.; et al. Gemcitabine plus nab-paclitaxel is an active regimen in patients with advanced pancreatic cancer: A phase I/II trial. J. Clin. Oncol. 2011, 29, 4548–4554. [Google Scholar] [CrossRef] [PubMed]

	



Frese, K.K.; Neesse, A.; Cook, N.; Bapiro, T.E.; Lolkema, M.P.; Jodrell, D.I.; Tuveson, D.A. nab-Paclitaxel potentiates gemcitabine activity by reducing cytidine deaminase levels in a mouse model of pancreatic cancer. Cancer Discov. 2012, 2, 260–269. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Von Hoff, D.D.; Ervin, T.; Arena, F.P.; Chiorean, E.G.; Infante, J.; Moore, M.; Seay, T.; Tjulandin, S.A.; Ma, W.W.; Saleh, M.N.; et al. Increased survival in pancreatic cancer with nab-paclitaxel plus gemcitabine. N. Engl. J. Med. 2013, 369, 1691–1703. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Tajima, H.; Makino, I.; Ohbatake, Y.; Nakanuma, S.; Hayashi, H.; Nakagawara, H.; Miyashita, T.; Takamura, H.; Ohta, T. Neoadjuvant chemotherapy for pancreatic cancer: Effects on cancer tissue and novel perspectives. Oncol. Lett. 2017, 13, 3975–3981. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Mittal, P.; Saharan, A.; Verma, R.; Altalbawy, F.M.A.; Alfaidi, M.A.; Batiha, G.E.; Akter, W.; Gautam, R.K.; Uddin, M.S.; Rahman, M.S. Dendrimers: A New Race of Pharmaceutical Nanocarriers. Biomed. Res. Int. 2021, 2021, 8844030. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Ozturk, K.; Esendagli, G.; Gurbuz, M.U.; Tulu, M.; Calis, S. Effective targeting of gemcitabine to pancreatic cancer through PEG-cored Flt-1 antibody-conjugated dendrimers. Int. J. Pharm. 2017, 517, 157–167. [Google Scholar] [CrossRef] [PubMed]

	



Huang, S.; Huang, X.; Yan, H. Peptide dendrimers as potentiators of conventional chemotherapy in the treatment of pancreatic cancer in a mouse model. Eur. J. Pharm. Biopharm. 2022, 170, 121–132. [Google Scholar] [CrossRef] [PubMed]

	



Peracchia, M.T.; Gref, R.; Minamitake, Y.; Domb, A.; Lotan, N.; Langer, R. PEG-coated nanospheres from amphiphilic diblock and multiblock copolymers: Investigation of their drug encapsulation and release characteristics. J. Control. Release 1997, 46, 223–231. [Google Scholar] [CrossRef]

	



Jaidev, L.R.; Chellappan, D.R.; Bhavsar, D.V.; Ranganathan, R.; Sivanantham, B.; Subramanian, A.; Sharma, U.; Jagannathan, N.R.; Krishnan, U.M.; Sethuraman, S. Multi-functional nanoparticles as theranostic agents for the treatment & imaging of pancreatic cancer. Acta Biomater. 2017, 49, 422–433. [Google Scholar] [CrossRef] [PubMed]

	



Rong, Q.; Feng, F.; Ma, Z. Metal ions doped chitosan-poly(acrylic acid) nanospheres: Synthesis and their application in simultaneously electrochemical detection of four markers of pancreatic cancer. Biosens. Bioelectron. 2016, 75, 148–154. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.-M.; Chen, W.; Wang, H.; Jin, C.; Yu, X.-J.; Lu, W.-Y.; Cui, L.; Fu, D.-L.; Ni, Q.-X.; Hou, H.-M. Preparation of albumin nanospheres loaded with gemcitabine and their cytotoxicity against BXPC-3 cells in vitro. Acta Pharmacol. Sin. 2009, 30, 1337–1343. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, Y.; Xu, X.; Fang, X.; Cai, S.; Wang, M.; Xing, C.; Lu, C.; Yang, H. Self-Assembled mRNA-Responsive DNA Nanosphere for Bioimaging and Cancer Therapy in Drug-Resistant Cells. Anal. Chem. 2020, 92, 11779–11785. [Google Scholar] [CrossRef] [PubMed]

	



Pereira-Silva, M.; Miranda-Pastoriza, D.; Diaz-Gomez, L.; Sotelo, E.; Paiva-Santos, A.C.; Veiga, F.; Concheiro, A.; Alvarez-Lorenzo, C. Gemcitabine-Vitamin E Prodrug-Loaded Micelles for Pancreatic Cancer Therapy. Pharmaceutics 2024, 16, 95. [Google Scholar] [CrossRef] [PubMed]

	



Tuli, H.S.; Joshi, R.; Kaur, G.; Garg, V.K.; Sak, K.; Varol, M.; Kaur, J.; Alharbi, S.A.; Alahmadi, T.A.; Aggarwal, D.; et al. Metal nanoparticles in cancer: From synthesis and metabolism to cellular interactions. J. Nanostructure Chem. 2023, 13, 321–348. [Google Scholar] [CrossRef]

	



Ashour, M.; Faris, H.G.; Ahmed, H.; Mamdouh, S.; Thambiratnam, K.; Mohamed, T. Using Femtosecond Laser Pulses to Explore the Nonlinear Optical Properties of Au NP Colloids That Were Synthesized by Laser Ablation. Nanomaterials 2022, 12, 2980. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Shen, A.M.; Malekshah, O.M.; Pogrebnyak, N.; Minko, T. Plant-derived single domain COVID-19 antibodies. J. Control. Release 2023, 359, 1–11. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Ranganathan, R.; Madanmohan, S.; Kesavan, A.; Baskar, G.; Krishnamoorthy, Y.R.; Santosham, R.; Ponraju, D.; Rayala, S.K.; Venkatraman, G. Nanomedicine: Towards development of patient-friendly drug-delivery systems for oncological applications. Int. J. Nanomed. 2012, 7, 1043–1060. [Google Scholar] [CrossRef]

	



Yallapu, M.M.; Ebeling, M.C.; Khan, S.; Sundram, V.; Chauhan, N.; Gupta, B.K.; Puumala, S.E.; Jaggi, M.; Chauhan, S.C. Novel curcumin-loaded magnetic nanoparticles for pancreatic cancer treatment. Mol. Cancer Ther. 2013, 12, 1471–1480. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Lafuente-Gómez, N.; Milán-Rois, P.; García-Soriano, D.; Luengo, Y.; Cordani, M.; Alarcón-Iniesta, H.; Salas, G.; Somoza, Á. Smart Modification on Magnetic Nanoparticles Dramatically Enhances Their Therapeutic Properties. Cancers 2021, 13, 4095. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Wahajuddin, N.; Arora, S. Superparamagnetic iron oxide nanoparticles: Magnetic nanoplatforms as drug carriers. Int. J. Nanomedicine 2012, 7, 3445–3471. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Jiang, Y.; Liu, S.; Zhang, Y.; Li, H.; He, H.; Dai, J.; Jiang, T.; Ji, W.; Geng, D.; Elzatahry, A.A.; et al. Magnetic mesoporous nanospheres anchored with LyP-1 as an efficient pancreatic cancer probe. Biomaterials 2017, 115, 9–18. [Google Scholar] [CrossRef] [PubMed]

	



Minko, T.; Dharap, S.S.; Pakunlu, R.I.; Wang, Y. Molecular targeting of drug delivery systems to cancer. Curr. Drug Targets 2004, 5, 389–406. [Google Scholar] [CrossRef] [PubMed]

	



Matsumura, Y.; Maeda, H. A new concept for macromolecular therapeutics in cancer chemotherapy: Mechanism of tumoritropic accumulation of proteins and the antitumor agent smancs. Cancer Res. 1986, 46 Pt 1, 6387–6392. [Google Scholar] [PubMed]

	



Nakamura, Y.; Mochida, A.; Choyke, P.L.; Kobayashi, H. Nanodrug Delivery: Is the Enhanced Permeability and Retention Effect Sufficient for Curing Cancer? Bioconjugate Chem. 2016, 27, 2225–2238. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Akpa, P.A.; Peter, I.E.; Onwuka, A.M.; Obi, B.C.; Akunne, M.O.; Nworu, C.S.; Ejikeme, P.M.; Akunne, T.C.; Attama, A.A.; Akah, P.A. Nanotheranostics: Platforms, Current Applications, and Mechanisms of Targeting in Breast and Prostate Cancers. J. Nanotheranostics 2023, 4, 346–383. [Google Scholar] [CrossRef]

	



Ryschich, E.; Huszty, G.; Knaebel, H.P.; Hartel, M.; Buchler, M.W.; Schmidt, J. Transferrin receptor is a marker of malignant phenotype in human pancreatic cancer and in neuroendocrine carcinoma of the pancreas. Eur. J. Cancer 2004, 40, 1418–1422. [Google Scholar] [CrossRef] [PubMed]

	



Camp, E.R.; Wang, C.; Little, E.C.; Watson, P.M.; Pirollo, K.F.; Rait, A.; Cole, D.J.; Chang, E.H.; Watson, D.K. Transferrin receptor targeting nanomedicine delivering wild-type p53 gene sensitizes pancreatic cancer to gemcitabine therapy. Cancer Gene Ther. 2013, 20, 222–228. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Senzer, N.; Nemunaitis, J.; Nemunaitis, D.; Bedell, C.; Edelman, G.; Barve, M.; Nunan, R.; Pirollo, K.F.; Rait, A.; Chang, E.H. Phase I study of a systemically delivered p53 nanoparticle in advanced solid tumors. Mol. Ther. 2013, 21, 1096–1103. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Leung, C.P.; Barve, M.A.; Wu, M.-S.; Pirollo, K.F.; Strauss, J.F.; Liao, W.-C.; Yang, S.-H.; Nunan, R.A.; Adams, J.; Harford, J.B.; et al. A phase II trial combining tumor-targeting TP53 gene therapy with gemcitabine/nab-paclitaxel as a second-line treatment for metastatic pancreatic cancer. J. Clin. Oncol. 2021, 39 (Suppl. S15), 4139. [Google Scholar] [CrossRef]

	



Mitsudomi, T.; Yatabe, Y. Epidermal growth factor receptor in relation to tumor development: EGFR gene and cancer. FEBS J. 2010, 277, 301–308. [Google Scholar] [CrossRef] [PubMed]

	



Grapa, C.M.; Mocan, T.; Gonciar, D.; Zdrehus, C.; Mosteanu, O.; Pop, T.; Mocan, L. Epidermal Growth Factor Receptor and Its Role in Pancreatic Cancer Treatment Mediated by Nanoparticles. Int. J. Nanomed. 2019, 14, 9693–9706. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Moore, M.J.; Goldstein, D.; Hamm, J.; Figer, A.; Hecht, J.R.; Gallinger, S.; Au, H.J.; Murawa, P.; Walde, D.; Wolff, R.A.; et al. Erlotinib Plus Gemcitabine Compared with Gemcitabine Alone in Patients with Advanced Pancreatic Cancer: A Phase III Trial of the National Cancer Institute of Canada Clinical Trials Group. J. Clin. Oncol. 2023, 41, 4714–4720. [Google Scholar] [CrossRef] [PubMed]

	



Gunther, T.; Tulipano, G.; Dournaud, P.; Bousquet, C.; Csaba, Z.; Kreienkamp, H.J.; Lupp, A.; Korbonits, M.; Castano, J.P.; Wester, H.J.; et al. International Union of Basic and Clinical Pharmacology. cv. Somatostatin Receptors: Structure, Function, Ligands, and New Nomenclature. Pharmacol. Rev. 2018, 70, 763–835. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Patel, Y.C. Somatostatin and its receptor family. Front. Neuroendocrinol. 1999, 20, 157–198. [Google Scholar] [CrossRef] [PubMed]

	



Schally, A.V. Oncological applications of somatostatin analogues. Cancer Res. 1988, 48 Pt 1, 6977–6985. [Google Scholar] [PubMed]

	



Li, M.; Fisher, W.E.; Kim, H.J.; Wang, X.; Brunicardi, C.F.; Chen, C.; Yao, Q. Somatostatin, somatostatin receptors, and pancreatic cancer. World J. Surg. 2005, 29, 293–296. [Google Scholar] [CrossRef] [PubMed]

	



Chatzisideri, T.; Leonidis, G.; Sarli, V. Cancer-targeted delivery systems based on peptides. Future Med. Chem. 2018, 10, 2201–2226. [Google Scholar] [CrossRef] [PubMed]

	



Fisher, W.E.; Doran, T.A.; Muscarella, P., 2nd; Boros, L.G.; Ellison, E.C.; Schirmer, W.J. Expression of somatostatin receptor subtype 1–5 genes in human pancreatic cancer. J. Natl. Cancer Inst. 1998, 90, 322–324. [Google Scholar] [CrossRef] [PubMed]

	



Kikutsuji, T.; Harada, M.; Tashiro, S.; Ii, S.; Moritani, M.; Yamaoka, T.; Itakura, M. Expression of somatostatin receptor subtypes and growth inhibition in human exocrine pancreatic cancers. J. Hepatobiliary Pancreat. Surg. 2000, 7, 496–503. [Google Scholar] [CrossRef] [PubMed]

	



Shahbaz, M.; Ruliang, F.; Xu, Z.; Benjia, L.; Cong, W.; Zhaobin, H.; Jun, N. mRNA expression of somatostatin receptor subtypes SSTR-2, SSTR-3, and SSTR-5 and its significance in pancreatic cancer. World J. Surg. Oncol. 2015, 13, 46. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Gradiz, R.; Silva, H.C.; Carvalho, L.; Botelho, M.F.; Mota-Pinto, A. MIA PaCa-2 and PANC-1—Pancreas ductal adenocarcinoma cell lines with neuroendocrine differentiation and somatostatin receptors. Sci. Rep. 2016, 6, 21648. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Qin, Y.; Ertl, T.; Groot, K.; Horvath, J.; Cai, R.Z.; Schally, A.V. Somatostatin analog RC-160 inhibits growth of CFPAC-1 human pancreatic cancer cells in vitro and intracellular production of cyclic adenosine monophosphate. Int. J. Cancer 1995, 60, 694–700. [Google Scholar] [CrossRef] [PubMed]

	



Hicklin, D.J.; Ellis, L.M. Role of the vascular endothelial growth factor pathway in tumor growth and angiogenesis. J. Clin. Oncol. 2005, 23, 1011–1027. [Google Scholar] [CrossRef] [PubMed]

	



Martin, L.K.; Li, X.; Kleiber, B.; Ellison, E.C.; Bloomston, M.; Zalupski, M.; Bekaii-Saab, T.S. VEGF remains an interesting target in advanced pancreas cancer (APCA): Results of a multi-institutional phase II study of bevacizumab, gemcitabine, and infusional 5-fluorouracil in patients with APCA. Ann. Oncol. 2012, 23, 2812–2820. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Van Cutsem, E.; Vervenne, W.L.; Bennouna, J.; Humblet, Y.; Gill, S.; Van Laethem, J.L.; Verslype, C.; Scheithauer, W.; Shang, A.; Cosaert, J.; et al. Phase III trial of bevacizumab in combination with gemcitabine and erlotinib in patients with metastatic pancreatic cancer. J. Clin. Oncol. 2009, 27, 2231–2237. [Google Scholar] [CrossRef] [PubMed]

	



Carbone, C.; Moccia, T.; Zhu, C.; Paradiso, G.; Budillon, A.; Chiao, P.J.; Abbruzzese, J.L.; Melisi, D. Anti-VEGF treatment-resistant pancreatic cancers secrete proinflammatory factors that contribute to malignant progression by inducing an EMT cell phenotype. Clin. Cancer Res. 2011, 17, 5822–5832. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Kim, D.K.; Jeong, J.; Lee, D.S.; Hyeon, D.Y.; Park, G.W.; Jeon, S.; Lee, K.B.; Jang, J.Y.; Hwang, D.; Kim, H.M.; et al. PD-L1-directed PlGF/VEGF blockade synergizes with chemotherapy by targeting CD141(+) cancer-associated fibroblasts in pancreatic cancer. Nat. Commun. 2022, 13, 6292. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Anderson, L.R.; Owens, T.W.; Naylor, M.J. Structural and mechanical functions of integrins. Biophys. Rev. 2014, 6, 203–213. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Li, Z.; Di, C.; Li, S.; Yang, X.; Nie, G. Smart Nanotherapeutic Targeting of Tumor Vasculature. Acc. Chem. Res. 2019, 52, 2703–2712. [Google Scholar] [CrossRef] [PubMed]

	



Kang, S.; Lee, S.; Park, S. iRGD Peptide as a Tumor-Penetrating Enhancer for Tumor-Targeted Drug Delivery. Polymers 2020, 12, 1906. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Hosotani, R.; Kawaguchi, M.; Masui, T.; Koshiba, T.; Ida, J.; Fujimoto, K.; Wada, M.; Doi, R.; Imamura, M. Expression of integrin alphaVbeta3 in pancreatic carcinoma: Relation to MMP-2 activation and lymph node metastasis. Pancreas 2002, 25, e30–e35. [Google Scholar] [CrossRef] [PubMed]

	



Sugahara, K.N.; Teesalu, T.; Karmali, P.P.; Kotamraju, V.R.; Agemy, L.; Greenwald, D.R.; Ruoslahti, E. Coadministration of a tumor-penetrating peptide enhances the efficacy of cancer drugs. Science 2010, 328, 1031–1035. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Turaga, R.C.; Yin, L.; Yang, J.J.; Lee, H.; Ivanov, I.; Yan, C.; Yang, H.; Grossniklaus, H.E.; Wang, S.; Ma, C.; et al. Rational design of a protein that binds integrin alphavbeta3 outside the ligand binding site. Nat. Commun. 2016, 7, 11675. [Google Scholar] [CrossRef] [PubMed]

	



Nagase, H.; Kudo, D.; Suto, A.; Yoshida, E.; Suto, S.; Negishi, M.; Kakizaki, I.; Hakamada, K. 4-Methylumbelliferone Suppresses Hyaluronan Synthesis and Tumor Progression in SCID Mice Intra-abdominally Inoculated With Pancreatic Cancer Cells. Pancreas 2017, 46, 190–197. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Cheng, X.B.; Sato, N.; Kohi, S.; Koga, A.; Hirata, K. 4-Methylumbelliferone inhibits enhanced hyaluronan synthesis and cell migration in pancreatic cancer cells in response to tumor-stromal interactions. Oncol. Lett. 2018, 15, 6297–6301. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Hajime, M.; Shuichi, Y.; Makoto, N.; Masanori, Y.; Ikuko, K.; Atsushi, K.; Mutsuo, S.; Keiichi, T. Inhibitory effect of 4-methylesculetin on hyaluronan synthesis slows the development of human pancreatic cancer in vitro and in nude mice. Int. J. Cancer 2007, 120, 2704–2709. [Google Scholar] [CrossRef] [PubMed]

	



Ko, A.H.; Kim, K.P.; Siveke, J.T.; Lopez, C.D.; Lacy, J.; O’Reilly, E.M.; Macarulla, T.; Manji, G.A.; Lee, J.; Ajani, J.; et al. Atezolizumab Plus PEGPH20 Versus Chemotherapy in Advanced Pancreatic Ductal Adenocarcinoma and Gastric Cancer: MORPHEUS Phase Ib/II Umbrella Randomized Study Platform. Oncologist 2023, 28, 553–e472. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Yu, T.; Li, Y.; Gu, X.; Li, Q. Development of a Hyaluronic Acid-Based Nanocarrier Incorporating Doxorubicin and Cisplatin as a pH-Sensitive and CD44-Targeted Anti-Breast Cancer Drug Delivery System. Front. Pharmacol. 2020, 11, 532457. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Paliwal, S.R.; Paliwal, R.; Agrawal, G.P.; Vyas, S.P. Hyaluronic acid modified pH-sensitive liposomes for targeted intracellular delivery of doxorubicin. J. Liposome Res. 2016, 26, 276–287. [Google Scholar] [CrossRef] [PubMed]

	



Li, L.; Hao, X.; Qin, J.; Tang, W.; He, F.; Smith, A.; Zhang, M.; Simeone, D.M.; Qiao, X.T.; Chen, Z.N.; et al. Antibody against CD44s inhibits pancreatic tumor initiation and postradiation recurrence in mice. Gastroenterology 2014, 146, 1108–1118. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Kesharwani, P.; Banerjee, S.; Padhye, S.; Sarkar, F.H.; Iyer, A.K. Hyaluronic Acid Engineered Nanomicelles Loaded with 3,4-Difluorobenzylidene Curcumin for Targeted Killing of CD44+ Stem-Like Pancreatic Cancer Cells. Biomacromolecules 2015, 16, 3042–3053. [Google Scholar] [CrossRef] [PubMed]

	



Clinical Trials Search. Available online: https://classic.clinicaltrials.gov/ct2/results?term=nanoparticles&cond=Pancreatic+Cancer&Search=Apply&recrs=d&recrs=e&age_v=&gndr=&type=&rslt= (accessed on 10 February 2024).

	



Ishizawa, T. “Bon mariage” of artificial intelligence and intraoperative fluorescence imaging for safer surgery. Artif. Intell. Surg. 2023, 3, 163–165. [Google Scholar] [CrossRef]

	



Wagner, M.; Brandenburg, J.M.; Bodenstedt, S.; Schulze, A.; Jenke, A.C.; Stern, A.; Daum, M.T.J.; Mündermann, L.; Kolbinger, F.R.; Bhasker, N.; et al. Surgomics: Personalized prediction of morbidity, mortality and long-term outcome in surgery using machine learning on multimodal data. Surg. Endosc. 2022, 36, 8568–8591. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Swetha, K.L.; Roy, A. Tumor heterogeneity and nanoparticle-mediated tumor targeting: The importance of delivery system personalization. Drug Deliv. Transl. Res. 2018, 8, 1508–1526. [Google Scholar] [CrossRef] [PubMed]








[image: Cancers 16 01589 g001] 





Figure 1. Classification of pancreatic cancer. PDAC—Pancreatic ductal adenocarcinoma. 
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Figure 2. Treatment Options for Pancreatic Cancer. 
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Figure 3. Targeted mechanisms, pathways, and approaches in the treatment of pancreatic cancer. 
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Figure 4. Mechanisms of cancer epigenetics (redrawn from [141]). 
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Figure 5. Nanoparticles. Reproduced from [15]. 
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Figure 6. Classification of nanoparticles based on different criteria. 
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Figure 7. Schematic representation of the enhanced permeability and retention (EPR) effect. Redrawn from [218]. The red letters highlight the first letters in the Enhanced Permeability and Retention (EPR) effect abbreviations: EP stands for Enhanced Permeability, and R stands for Retention. 
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Figure 8. Simplified schematic representation of uptake of tumor-targeted nanoparticles by cancer cells. The nanoparticle surface is decorated by a targeting ligand and contains a therapeutic payload(s). Binding the nanoparticle to a targeted receptor overexpressed on the cancer cell’s surface initiates its internalization through receptor-mediated endocytosis. Once inside, the nanoparticle system is broken down within the endosome, typically after fusing with lysosomes. After the escape of cytotoxic payload into the cytoplasm, cancer cell death through apoptosis is induced. 






Figure 8. Simplified schematic representation of uptake of tumor-targeted nanoparticles by cancer cells. The nanoparticle surface is decorated by a targeting ligand and contains a therapeutic payload(s). Binding the nanoparticle to a targeted receptor overexpressed on the cancer cell’s surface initiates its internalization through receptor-mediated endocytosis. Once inside, the nanoparticle system is broken down within the endosome, typically after fusing with lysosomes. After the escape of cytotoxic payload into the cytoplasm, cancer cell death through apoptosis is induced.



[image: Cancers 16 01589 g008]







[image: Cancers 16 01589 g009] 





Figure 9. Potential recognition molecules for targeted therapy of pancreatic cancer. 
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Table 1. Recent active and completed clinical trials involved the treatment of pancreatic cancer with nanoparticle-based drugs. Selected results of the search of clinicaltrials.gov (accessed on 10 February 2024) [255]. The list does not include canceled or withdrawn clinical trials.
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	#
	NCT Number
	Status
	Interventions
	Phases





	1
	NCT02336087
	Active
	Paclitaxel Albumin-Stabilized Nanoparticle Formulation combined with Gemcitabine, Metformin
	1



	2
	NCT02562716
	Completed
	Paclitaxel Albumin-Stabilized Nanoparticle Formulation, Fluorouracil, Gemcitabine, Irinotecan, Oxaliplatin
	2



	3
	NCT02194829
	Completed
	Nab-paclitaxel *, Gemcitabine
	1, 2



	4
	NCT03410030
	Completed
	Paclitaxel protein-bound, Cisplatin, Gemcitabine
	1, 2



	5
	NCT02707159
	Completed
	Drug: Nab paclitaxel, Gemcitabine
	2



	6
	NCT02227940
	Completed
	Paclitaxel Albumin-Stabilized Nanoparticle Formulation, Ceritinib, Cisplatin, Gemcitabine
	1



	7
	NCT00920023
	Completed
	Superparamagnetic Iron Oxide Magnetic Resonance Imaging
	4



	8
	NCT02178436
	Completed
	Nab paclitaxel *, Gemcitabine, Selinexor
	2



	0
	NCT02620865
	Completed
	Paclitaxel Albumin-Stabilized Nanoparticle Formulation, Biologicals: Aldesleukin, Antibody Therapy, Drugs: Fluorouracil, Gemcitabine, Irinotecan, Leucovorin Calcium, Oxaliplatin, Sargramostim
	1

2



	10
	NCT01677559
	Completed
	Nab-Paclitaxel *
	1



	11
	NCT03304210
	Completed
	PIPAC (Pressurized intraperitoneal aerosolized chemotherapy) with Abraxane
	1



	12
	NCT03910387
	Active
	Nab-paclitaxel *, Gemcitabine, Telotristat Ethyl
	2



	13
	NCT01161186
	Completed
	Nab-paclitaxel *, Gemcitabine, Capecitabine
	1



	14
	NCT02333188
	Completed
	Paclitaxel Albumin-Stabilized Nanoparticle Formulation, Leucovorin, Irinotecan, Fluorouracil
	1



	15
	NCT01437007
	Completed
	TKM-080301—stable nucleic acid–lipid particles (SNALPs) formulation of a siRNA against Polo-Like Kinase 1 (PLK1)
	1



	16
	NCT04524702
	Active
	Nab-paclitaxel *, Gemcitabine, Hydroxychloroquine, Paricalcitol
	2



	17
	NCT02394535
	Completed
	Nab-paclitaxel *, Capecitabine, Radiation Therapy
	1



	18
	NCT03382340
	Active
	Curcumin/Doxorubicin-encapsulating Nanoparticle (IMX-110)
	1

2



	19
	NCT02930902
	Completed
	Nab-paclitaxel *, Gemcitabine, Paricalcitol, Pembrolizumab
	1



	20
	NCT02427841
	Completed
	Nab-paclitaxel *, Fluorouracil, Gemcitabine, Image Guided Radiation Therapy, Intensity-Modulated Radiation Therapy
	2



	21
	NCT02231723
	Completed
	Nab-paclitaxel *, Napabucasin (BBI608), Gemcitabine, Oxaliplatin, Leucovorin, Irinotecan, Fluorouracil, MM-398 (nanoliposomal irinotecan)
	1



	22
	NCT00666991
	Completed
	Nanoparticulate paclitaxel
	1



	23
	NCT04233866
	Active
	Liposomal Irinotecan, Nab-paclitaxel *, Fluorouracilb, Gemcitabine, Leucovorin,
	2



	24
	NCT01300533
	Completed
	Docetaxel Nanoparticle Targeting Prostate-Specific Membrane Antigen (BIND-014)
	1



	25
	NCT04481204
	Active
	Nab-paclitaxel *, Cisplatin, Fluorouracil, Gemcitabine, Irinotecan, Leucovorin, Oxaliplatin. Radiation Therapy
	2



	26
	NCT02762981
	Completed
	Nab-paclitaxel *, Relacorilant
	1

2



	27
	NCT03678883
	Active
	Nab-paclitaxel *, 9-ING-41(a maleimide-based ATP-competitive small molecule GSK-3β inhibitor), Gemcitabine, Doxorubicin, Lomustine, Carboplatin, Paclitaxel, Irinotecan
	2



	28
	NCT03878524
	Active
	Nab-paclitaxel * with several antibodies and anticancer drugs.
	1



	29
	NCT03736720
	Active
	Liposomal Irinotecan, Fluorouracil, Leucovorin
	2







* Nab-paclitaxel—a combination of paclitaxel with albumin. It is also known as Abraxane.
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