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A B S T R A C T

Objectives: Gastrointestinal stromal tumors, the most prevalent mesenchymal tumors (80 %) of the 
gastrointestinal tract, comprise less than 1 % of all gastrointestinal neoplasms and about 5 % of all 
sarcomas. Despite their rarity, Gastrointestinal stromal tumors present diverse clinical manifes-
tations, anatomic locations, histological subtypes, and prognostic outcomes.
Methods: This scoping review comprehensively explores the epidemiology, clinical characteristics, 
diagnostic and prognostic modalities, as well as new therapeutic options for Gastrointestinal 
stromal tumors.
Results: A particular focus is placed on the promising role of bio-nanomaterials as multifunctional 
agents for drug delivery and 3D tumor microenvironment modeling. Bio-nanomaterials offer 
promising opportunities for targeted drug delivery, overcoming treatment resistance, and 
improving therapeutic efficacy.
Conclusion: Despite significant advancements, Gastrointestinal stromal tumors remain a complex 
clinical entity with ongoing challenges. The integration of nanotechnology into Gastrointestinal 
stromal tumors management offers the potential to enhance patient outcomes. Future studies 
should prioritize the development and evaluation of nanomaterial-based therapies in clinical 
trials to facilitate the translation of laboratory discoveries into real-world clinical applications.

Abbreviations: CNT, carbon nanotube; CTC, circulating tumor cell; CT, contrast-enhanced; dECM, decellularized extracellular matrix; ECM, 
extracellular matrix; GIST, gastrointestinal stromal tumor; VEGFR, growth factor receptor; ICC, interstitial cell of Cajal; Ng, nanogel; NP, Nano-
particle; OS, overall survival; PDGFR, platelet-derived growth factor receptor; PFS, progression-free survival; PLGA, poly lactic-co-glycolic acid; 
sPLA2, secretory phospholipase A2; STS, soft tissue sarcomas; SCF, stem cell factor; TKI, tyrosine kinase inhibitor; TEP, tumor-educated platelet; 
TME, tumor microenvironment.
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1. Introduction

Soft tissue sarcomas (STS) are a heterogeneous group of mesenchymal neoplasms with over 100 different histologic subtypes [1]. 
Gastrointestinal stromal tumor (GIST) is the most common mesenchymal malignancy (soft tissue sarcoma subtype) affecting the 
gastrointestinal tract [2]. While GISTs are classified as sarcomas, their distinct histogenesis, clinical features, and treatment necessitate 
separate considerations [2,3]. GISTs originate from the interstitial cells of Cajal (ICCs) [4]. Their incidence is estimated in 80 % of 
non-epithelial or mesenchymal tumors, and in 5 % of all sarcomas. The overall incidence of GISTs in the last decade was 0.70 per 100, 
000 people per year [5]. GISTs mainly arise in the stomach (55.6 %), followed by the small bowel (31.8 %), colorectum (6 %), other 
locations (5.5 %) and the esophagus (0.7 %) [3,4]. In regard to age at diagnosis, its range varied from the sixth and seventh decade of 
life, and approximately 0.4–2 % in children and young adults under the age of 20 years [6] with equal distribution of males and females 
[rate ratio (RR), 1.35], non-Hispanics than Hispanics (RR, 1.23), and blacks (RR, 2.07) or Asians/Pacific Islanders (RR, 1.50) than 
whites [6,7]. c-kit (CD117) and anoctamin1 (DOG1) emerged as the most specific and sensitive biomarkers for these neoplasms, and 
their expression is immunohistochemically detected in >95 % of GISTs [8]. GISTs are driven by mutations in the c-KIT or PDGFR-α 
genes. Approximately 80 % have c-KIT mutations, while 8–10 % have PDGFR-α mutations. Approximately 15 % of GISTs do not have a 
detectable mutation in either KIT or PDGFRA. In other respects, these so-called ‘wild-type’ GISTs are clinically indistinguishable from 
KIT- or PDGFRA-mutant GISTs. GISTs occur in different parts of the GI tract and show a histological spectrum. Although spindle-cell 
morphology predominates, tumors with epithelioid or pleomorphic cell features also occur (70 %) [9]. Other subtypes such as 
epithelioid cells and mixed spindle and epithelioid cells account for 20 % and 10 % of GISTs, respectively. The current NCNN, ESMO, 
and EURACAN guidelines identified mitotic rate, tumor size, and tumor site as the three primary prognostic variables. Tumor rupture is 
regarded as an independent risk factor [10]. Imatinib mesylate, a selective tyrosine kinase inhibitor (TKI), improves clinical outcomes 
in GIST as both advanced metastatic disease therapy and postsurgical adjuvant treatment [11]. Sunitinib, a multi-targeted tyrosine 
kinase inhibitor (TKI) with anti-tumor and anti-angiogenic properties, was approved in 2006 for patients with GISTs. Its mechanism of 
action involves inhibiting multiple receptor tyrosine kinases, including vascular endothelial growth factor receptors (VEGFRs) 1–3, 
platelet-derived growth factor receptors (PDGFRs) α and β, KIT, colony-stimulating factor receptor 1, RET and FLT3 [12]. However, the 
development of drug resistance and the challenges of managing advanced disease underscore the need for continued research. Sub-
sequent therapies like sunitinib and regorafenib have expanded treatment options, but the complexity of GIST necessitates ongoing 
exploration of new treatment approaches. In this review we discuss the use of nanotechnology as a promising avenue for addressing the 
limitations of traditional cancer treatments. By encapsulating drugs within nanoparticles, researchers can enhance drug delivery, 
target specific tumors, and reduce side effects. Various nanoparticle types, including those derived from metals, polymers, and lipids, 
are being investigated for their potential in treating GISTs. Additionally, nanotechnology is contributing to improved diagnostic tools 
and a deeper understanding of tumor biology through three-dimensional cell culture models. While significant progress has been made 
in GIST management, ongoing research is essential to develop more effective and personalized treatments. By combining advance-
ments in nanotechnology with a comprehensive understanding of GIST biology, the medical community can work towards improving 
patient outcomes and ultimately achieving a cure [13].

Fig. 1. Sensitivity of KIT and PDGFRA mutations to approved TKIs. Green: sensitive, red: resistant; IM:imatinib; SUN:sunitinib; REG: regorafenib; 
AVA: avapritinib; ABD: ATP-binding domain; AL: activation loop. Frequency of mutations affecting exons of KIT and PDGFRA are indicated in 
brackets. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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2. Etiopathogenesis

2.1. Histology

GISTs are characterized by three histological types according to cellular morphology: spindle cells (77 %), epithelioid cells (8 %), 
mixed spindle and epithelioid cells (15 %) [14]. The cytologic profile of GISTs is monomorphic, characterized by rounded to elongated 
nuclei with sufficient chromatin and inconspicuous nucleoli [15]. Other histological features are represented by paranuclear vacuoles, 
extensive nuclear palisading mimicking schwannoma, prominent neuroendocrine-like features mimicking paraganglioma, signet-ring 
cytomorphology [16,17] marked lymphocytic infiltration [18] and hyaline eosinophilic cytoplasmic structures [19], which are pre-
dominantly identified in small intestinal GISTs. The typical size of GISTs tumor is from less than 10 mm to very large lesions measuring 
more than 350 mm [20]. GISTs are located on the bowel wall, mucosa, outwards the bowel wall, or have a dumbbell configuration with 
both mucosal and serosal based masses [21].

2.2. Genomic alterations

GISTs are characterized by activating mutations in the type III tyrosine kinase receptors as c-KIT and PDGFRa genes (Fig. 1) [16,
22]. Genetic analysis of GISTs show that 60–85 % present mutations in the c-KIT gene, while 5–10 % have mutations in the PDGFRa 
gene. Approximately 10–15 % of GISTs do not have detectable mutations in any of these receptors (wild type), suggesting that other 
molecular pathways can also be involved in the pathogenesis of these tumors [23]. c-KIT is implicated in the growth and maintenance 
of erythrocytes, mast cells, melanocytes, germ cells and interstitial cells of Cajal (ICC) [24]. The intracellular kinase domain is 
characterized by the presence of the ligand Stem Cell Factor (SCF) [4], which causes dimerization and autophosphorylation through 
the phosphorylation of tyrosine residues [25]. The active form of c-KIT, phosphorylates downstream signaling proteins, affecting cell 
proliferation, chemotaxis, and apoptosis [26]. c-KIT exons involved in GISTs are 11, 9 and exons 13, 17, 18. Exon 11 is the most 
frequently mutated region with in-frame deletions of codons 557 and 558 [17]. Mutations in c-KIT exon 9 occur in c.a 8–10 % of GISTs 
and are associated with small or large bowel tumors, while primary mutations in exons 13, 17 and 18 are rare [27]. PDGFRa-mutant 
occurs in 10 % of GIST, generally arises in the stomach [28] and involves exon 18 (8 %), 12 and exon 14 [28]. Mutations in c-KIT or 
PDGFRa play essential roles in the upregulation of downstream signaling pathways, including RAS/RAF/MAPK and PI3K/AKT/mTO 
[28,29]. Wild type GISTs are classified into two diverse groups i) succinate dehydrogenase (SDH) deficient group and ii) non-SDH 
deficient group [30]. SDH is a complex consisting of four subunits (SDHA, SDHB, SDHC and SDHD) located in the mitochondria, 
and involved in the tricarboxylic acid cycle and electron transport chain. Mutations in SDH arise in young adults. These mutations are 
associated with the accumulation of succinate which promote upregulation of HIF1α and inhibition of DNA demethylation. Non-SDH 
deficient groups include neurofibromatosis type 1 (NF1) and GISTs with BRAF, KRAS, PIK3CA mutations and fusion genes [30]. GISTs 

Fig. 2. Examples of gastrointestinal stromal tumor (GIST) morphology. Microscopic picture. (A–B) 10×, 20 × objective magnification of GIST that 
stains c-kit positive; (C–D) 10×, 20 × objective magnification of GIST that stains DOG-1 positive; (E–F) 10×, 20 × objective magnification of GIST 
that stains desmin positive; (G–H) 10×, 20 × objective magnification of GIST that stains ki67 positive. Microscopic picture, H&E stain. 5, 10×, 20 ×
objective magnification image of a GIST (I–M). Microscopic pictureH&E stain. 4 × represents an objective magnification of normal gastric mucosa 
with intraluminal growth of the tumor (N).
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are characterized by chromosomal instability. Frequent changes observed in all GIST groups included losses in chromosome arms 1p 
(51 %), 14q (74 %), and 22q (53 %). Metastatic GISTs are characterized by higher-level amplifications at 8q and 17q (57 and 43 %) 
than benign GISTs (8 and 0 %; P = 0.001) and malignant primary GISTs (33 and 25 %; P = 0.05). Gains and high-level amplifications at 
20q are only in malignant primary and metastatic GISTs (P = 0.01) but gains at 5p are not found in benign GISTs (P = 0.01) [31]. 
Losses in chromosomal arm 9p are more common in metastatic GISTs than in initial malignant GISTs (63 and 36 %; P = 0.05). Losses in 
13q are less common in benign GISTs than in malignant GISTs [32].

3. Diagnosis

3.1. Molecular landscape

GIST diagnosis involves both immunohistochemistry and molecular analysis. GISTs are typically positive for the CD117 antigen, a 
marker of KIT receptor tyrosine kinase expressed by interstitial cells of Cajal (ICC) [33]. Despite its high prevalence in GISTs (95 %), 
c-KIT expression is not a specific diagnostic marker due to its presence in other mesenchymal tumors. DOG1 is considered a sensitive 
and specific marker of GISTs regardless of CD117 expression. DOG1 is also independent of KIT or platelet-derived growth factor re-
ceptor α (PDGFRA) mutation status in GISTs [34]. Staining of GISTs for other standard laboratory immunomarkers is more variable, 
including CD34 (70 %), smooth-muscle actin (35 %), S-100 (10 %) and desmin (≈5 %) (Fig. 2E–F) (Table 1) [14]. Again, Ki67 index is 
an effective predictor of GIST prognosis, particularly for patients with imatinib adjuvant therapy (Fig. 2G–H) [35–37].

3.2. Diagnostic imaging

GISTs exhibit a variety of radiological appearances on imaging studies. Current multimodality imaging approaches include 
Contrast-enhanced (CT) [38] and magnetic resonance imaging (MRI) [39] (Fig. 3). FDG (18fluoro-deoxy-glucose)-positron emission 
tomography (PET) scans can provide valuable insights into tumor metabolic activity [40].

Endoscopic ultrasound (EUS) is also used to examine the layered structure, internal echogenicity, size of lesions, and relationship to 
the extramural structure, providing additional information on malignancy [40,41]. Cold biopsy forceps were used to confirm form and 
size as well as mass mobility and consistency [40]. Again, EUS-FNA/B is a minimally invasive technique useful to visualize the 
subepithelial layer, and to reach adjacent organs located in a difficult area [41].

3.3. Liquid biopsy

The gold standard for diagnosing gastrointestinal stromal tumors (GISTs) is a fine needle aspiration biopsy. This procedure offers 
several advantages over traditional biopsies and is supported by immunohistochemical positivity for c-kit, DOG-1, and CD34. Risk 
stratification, considering factors such as tumor size, location, and mitotic index, is crucial in the prediction of disease progression and 
treatment response. Molecular profiling is another key component of GIST management. The most common mutations occur in the KIT 
(80 %), PDGFRA (10 %), and BRAF, KRAS, PIK3CA, and NF-1 (10 %) genes. While traditional mutation analysis typically relies on 
tissue samples, this approach can be limited by factors like sample quality, tissue quantity, and the time required for testing. Liquid 
biopsy, a more recent technique, offers a non-invasive alternative [42], as the analysis of circulating tumor DNA (ctDNA), circulating 
tumor cells (CTCs), free circulating nucleic acids (DNA, mRNA, non-coding RNA), “tumor-educated platelets” (TEPs), and exosomes. 
Recent studies compared ctDNA and solid tissue analysis using next-generation sequencing (NGS), demonstrating high concordance 
rates [43]. Moreover, clinical characteristics such as Ki-67 expression, mitotic count, and tumor diameter have been correlated with 
the positivity rate of CTCs in liquid biopsies. These findings highlight the potential of ctDNA analysis for monitoring tumor burden and 
treatment response in GISTs.

4. Prognostic biomarkers in GIST

4.1. Size, high-power field, mitosis

Accurate risk assessment is crucial for managing GISTs. The GEISS guidelines use mitotic activity, tumor size, and location to 
predict prognosis and inform treatment decisions. These factors are also incorporated in the NIH consensus and Armed Forces Institute 
of Pathology (AFIP) criteria for GIST risk assessment (Table 2) [44,45].

Table 1 
Recommended immunohistochemical markers for gastrointestinal stromal tumors (GIST).

c-KIT DOG1 c-KIT/DOG1 H-caldesmon CD34 SMAa Desmin S-100

95 % 65 % 80 % 60 % 65 % 35 % 1–2% 5 %

a SMA, smooth muscle actin.
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4.2. DNA prognostic biomarkers

As previously mentioned, approximately 80 % of GIST patients have activating mutations in c-KIT, while 10 % have mutations in 
PDGFRa (Fig. 1).

c-KIT exon 11 mutations are associated with higher response rates and longer survival compared to exon 9 mutations in patients 
from Asia, Europe, and the United States. Both the location of the GIST (stomach) and specific genetic mutations (c-KIT exon 11 
deletions) can contribute to more aggressive disease, especially in European patients (KIT delinc557/558; HR 1.45; 95 % CI 1.0–2.2; P 
= 0.004) [46]. c-KIT exon 9 mutations mainly occur in non-gastric sites and the clinical prognosis is worse than c-KIT exon 11. GIST 
patients with exon 18 mutations in PDGFRa have lower tumor invasiveness and better OS and RFS (HR 0.23; 95 % CI 0.1–0.6; P =
0.002, 5-year observed survival and relative survival of 84.6 and 89.7 %) [47]. Exon 14 mutations in PDGFRa are relatively common 
and are generally linked to better clinical outcomes [48]. Patients with PDGFRa mutations or c-KIT exon 11 alterations generally have 
a positive prognosis after surgical resection, with low rates of recurrence [49]. wt-GIST patients have a poor prognosis and are less 
responsive to standard therapies [50]. GISTs with SDH deficiency are more common in children (1–2%) and adolescent females [51,
52], and they frequently metastasize to lymph nodes. While approximately 15–20 % of GIST patients succumb to metastatic stage, 
many others survive the progression of the disease. This suggests that SDH-deficient GISTs generally have a more indolent course [53].

4.3. miRNAs and KIT/PDGFRA mutations as circulating biomarkers

Previous research has demonstrated that miRNAs are deregulated in all major cancers and are implicated in tumorigenesis, pro-
gression, metastasis, and drug resistance. Since the discovery of microRNAs, they have held great promise for cancer diagnosis, 
prognosis, and therapy. In GIST, specific miRNA [54,55] expression signatures are associated with chromosome 14q loss [56], 
anatomical site [57], KIT or PDGFRA mutations [58], tumor risk [59], overall survival [57], and treatment response [60–62]. The 
overexpression of miR-494 inhibits the expression of c-KIT and its downstream targets phospho-AKT (p-AKT) and phospho-STAT3 
(p-STAT3) [63]. MiR-196a expression is associated with high grade tumors and a poor prognosis [57], whereas miR-186 expression 

Fig. 3. Representative CT images of gastric GISTs tumor mass (white arrows).

Table 2 
Group risk listed by GEIS for GIST adapted from Miettinen et al.

Risk level Size Mitotic Indexa Location

Very low-risk 2–5 cm ≤5 mitosis Gastric
Low-risk >5 y ≤ 10 cm ≤5 mitosis Gastric

2–5 cm ≤5 mitosis Intestinal
Intermediate-risk >10 cm ≤5 mitosis Gastric

>5 y ≤ 10 cm ≤5 mitosis Intestinal
2–5 cm >5 mitosis Gastric

High-risk intestinal 2–5 cm >5 mitosis Intestinal
>10 cm ≤5 mitosis Intestinal
>5 y ≤ 10 cm >5 mitosis Gastric
>10 cm >5 mitosis Gastric
>5 y ≤ 10 cm >5 mitosis Intestinal
>10 cm >5 mitosis Intestinal

a 50 HPF represents an area of 5 mm2 in the optical fields used by Miettinen.
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is related to post-operative recurrence [64]. Overexpression of miR-125a-5p and downregulation of miR-518a-5p increase cell viability 
[65]. miR-107 is associated with imatinib resistance [64]. miR-218 increases the sensitivity of GIST cells to imatinib due to the in-
hibition of PI3K/AKT pathway [66]. Again, miR-504, miR-100, miR214, miR-210, miR-222 and miR-132 are differentially expressed 
depending on the tumor location, mutation status and tumor risk of GISTs [67]. This evidence supports the hypothesis that miRNAs can 
act as functional oncogenes or tumor suppressors involved in the development and progression of GIST.

4.4. Pharmacogenetics modulating treatment response

In addition to somatic DNA’s primary function of determining the clinical response to TKIs, various genetic variations that impact 
the way TKIs are processed and their effects have been recognized as potential contributors. Indeed, there is considerable variability in 
how individuals respond to targeted therapies, and the status of mutations seems to play a crucial role in predicting the initial response 
[68]. However, tumor genotype can only partially account for this variability, and it’s important to take into consideration the pa-
tient’s germline DNA. Germline DNA influences drug pharmacokinetics, which indirectly impacts drug efficacy and toxicity. There-
fore, variations in DNA, such as polymorphisms, may influence the overall clinical response to the drug.

Over the past decade, a bunch of studies have investigated the role of SNPs on imatinib and sunitinib response. Several poly-
morphisms in transporter and metabolizing genes influencing the pharmacokinetics of imatinib have been identified, either associated 
with efficacy [69–72] or toxicity [73–75], as well as for sunitinib [76–78]. However, the current data is not sufficiently definitive to be 
applied in clinical practice or to forecast the effectiveness or potential harm in the adjuvant and neoadjuvant context, mainly due to the 
small size of population cohorts involved in these studies.

5. Treatment

5.1. Radiotherapy

While surgery remains the primary treatment for GIST, adjuvant imatinib is often recommended for high-risk tumors. Radiation 
therapy can be a valuable option for patients who i) cannot tolerate or are resistant to TKI drugs [79,80], ii) have an unresectable 
tumor, iii) have residual disease after surgery. Radiation therapy has shown promise in improving symptoms for some GIST patients 
with advanced or metastatic disease. Further research is needed to fully understand the efficacy and safety of radiation therapy in GIST 
patients [81].

5.2. Localized disease

Surgery is the primary treatment for localized GISTs and is often performed laparoscopically (Fig. 4) [82,83]. The primary goal of 
GIST surgery is to achieve complete resection (R0) while minimizing organ damage and preventing tumor rupture. Tyrosine Kinase 
Inhibitor (TKIs) targets several proteins involved in GISTs growth and survival, including ABL, BCR-ABL, KIT, PDGFRA, PDGFRB, and 
CSF1R (Fig. 1). Patients with advanced GIST who receive imatinib have a significant survival benefit, with 9-year survival rates 
ranging from 35 % to 49 % [84]. The specific KIT or PDGFRA mutation status is a key predictor of response to imatinib. Exon 11 
mutations (Fig. 1), which occur in the KIT juxtamembrane domain, are the most common mutations in GISTs and are generally 
associated with better response to imatinib, with longer progression-free survival (PFS) and overall survival (OS). GISTs with KIT exon 
9 mutation also benefit from imatinib but are less sensitive to the standard dose of 400 mg/die and benefit from the increased dose of 
imatinib 800 mg/die [85]. PDGFRA mutations, primarily affecting exon 18 in the tyrosine kinase domain, are common in gastric GIST. 
While higher doses of imatinib may be associated with more side effects, 400 mg/day is equally effective in terms of response rates and 

Fig. 4. Representative images of GIST tumor appearance. (A) Surgical intervention initial vision, (B) Margin widening; (C) Termination of excision; 
(D) Retrieval bag.
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overall survival [86,87]. The benefits of neoadjuvant imatinib include cytoreduction to facilitate R0 resection, the organ preservation, 
a less invasive surgical approach, and attendant reductions in the risk of intraoperative bleeding or tumor rupture [88].

5.3. Advanced and metastatic disease

GISTs typically metastasize to the liver and peritoneum [87]. The development of second- and third-line drugs like Sunitinib and 
Regorafenib has significantly extended the survival of patients with advanced or metastatic GIST (Table 3) [88]. Sunitinib is a mul-
titargeted TKI inhibitor of alpha-type and beta-type PDGFR and VEGFR receptors [89]. The recommended dose is 50 mg orally once a 
day over 4 weeks followed by a 2-week rest period [88,89]. Regorafenib is an orally active multikinase inhibitor with activity against 
KIT. It is recently approved by FDA and EMA in the treatment of patients with unresectable/metastatic GIST or intolerant to imatinib 
and sunitinib. For the first 21 days of each 28-day cycle, the recommended dose is 160 mg taken orally once daily. Treatment cycles 
with Regorafenib typically continue until the disease progresses or intolerable side effects develop [80]. We herein provide an 
overview of contemporary approaches to the discovery of small molecule cancer drugs, highlighting mutation site and chemical 
structure (Table 4).

6. Future perspective in nanotechnology-based biomaterials

6.1. Nanotechnology and drug delivery system

The restrictions of current diagnostic techniques, as well as the low stability, availability, and/or specificity of pharmacological 
treatment, represent the main limitations in the management of GISTs. In recent years, nanotechnology has emerged as a promising 
field with significant potential in early diagnosis, comprehensive study, and targeted treatment. Conventional cancer chemotherapy is 
often limited by factors such as short circulation time, low drug concentrations in the target area, poor water solubility, and harmful 
side effects caused by widespread distribution. These limitations can reduce treatment effectiveness and negatively impact patient 
well-being. Therefore, drug systems operating at nanoscales have emerged as an improved pharmacokinetic approach to overcoming 
the deficiencies of current combination therapies. Nanoparticles (NP) (Fig. 5) are colloidal carriers varying between 1 and 1000 nm in 
size with natural or synthetic origins. Nanoparticles (NPs) offer several advantages for cancer drug delivery, including high specificity, 
increased efficiency, excellent stability, and reduced toxicity. A wide range of nanocarriers are available, in particular metal-based 
NPs, polymer-based NPs, and liposomes [101–103]. In this review, we also highlighted recent advancements in smart nano-
particles, including polymeric nanoparticles, micelles, liposomes, protein nanoparticles, cell membrane nanoparticles, gold nano-
particles, iron oxide nanoparticles, carbon nanotubes, and others. These smart nanoparticles possess the ability to respond to various 
external and internal stimuli, such as enzymes, pH, temperature, optics, and magnetism, making them intelligent systems. Focused 
examples of nanostructured materials for treating gastrointestinal disorders are presented below.

Enzymes are widely present in the tissues and organs to maintain the normal operation of the human body. The tumor microen-
vironment exhibits aberrant expression of enzymes such as phospholipases and oxidoreductases because tumor cells grow more 
quickly than other normal organs and require more enzymes for functional support. Phospholipase can hydrolyze phospholipids into 
fatty acids and other lipophilic substances. Phospholipase is overexpressed in inflammation and peripheral sites of tumor invasion. 
Secretory phospholipase A2 (sPLA2) is associated with the pathology of colorectal, gastric, oesophageal and prostate cancers, which 
provide the potential for phospholipase to be designed as a stimulator in releasing drugs. In addition, hyaluronidase, γ-Glutamyl-
transpeptidase, prostate-specific antigen, Trysin, β-galactosidase, etc. are also used in enzyme-stimulated response smart nano-delivery 
systems. Poly (lactic-co-glycolic acid) micro/nanoparticles (PLGA M/NPs) have good biocompatibility, biodegradability and unique 
physical and chemical properties, making them one of the most popular and effective drug delivery polymers. PLGA is used as drug 
delivery systems due to their excellent biocompatibility and biodegradability, but they cannot easily adhere to certain negatively 
charged mucous membranes because of their inherent negative charge. The functionalization of PLGA with cyclodextrin (Cyclodextrin- 
PLGA nanoparticles) can enhance their uptake by gastrointestinal cancer cells [104]. Different nanocarriers have different structures 
and properties, and suitable nanocarriers can be selected in accordance with the nature of the drug delivered. For example, micelles are 
suitable for the delivery of water-insoluble and amphiphilic drugs increasing the cellular uptake of a variety of drugs [105]. The 
polymeric nanoparticles represent an important revolution in biomedical applications. Polymeric nanoparticles have several advan-
tages over non-mixed drugs, in terms of cycle time, stability, structural decomposition, encapsulation rate, premature release, and 
nonspecific release kinetics. Other advances involve the capability of combining materials with different chemical compositions such 
as organic-organic and organic-inorganic materials to achieve synergistic properties [106]. Polymeric nanoparticles (proteins, and 
liposomes) with a disulfide linker [107], are specifically tested in gastrointestinal tumors to improve drug therapeutic efficacy. To 
address disease recurrence and resistance, a recent study published in Pharmaceuticals explored a novel drug delivery system based on 
esterase-responsive polyglycerol nanogels (NGs) [108]. A novel drug delivery system was developed using nanoprecipitation mediated 
by inverse electron-demand Diels-Alder cyclizations. This method created multi-drug-loaded nanogels with exceptional stability in 
biological environments [108]. Cell viability and live cell imaging studies revealed that the loaded NGs are capable of intracellular 
drug release by showing similar IC50 values to those of the free drugs. Furthermore, multi-drug-loaded NGs were capable of over-
coming cell resistance, demonstrating the utility of this carrier system. The most promising application for Nps is the transport of 
imatinib mesylate, which is poorly soluble in water and has a very low bioavailability. Imatinib mesylate was incorporated in Nps with 
a chitosan surface and polyglutamic acid core. Compared to standard imatinib, this new formulation offers several advantages, 
including lower effective dosage, improved bioavailability, and consistent pharmacokinetics [109].
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Table 3 
Common GIST mutation types, location, and treatment.

Genes mutation Approximate frequency (%) Location Common mutation Prognostic factors Treatment Chemical structure

c-KIT exon 11 65 All sites 557-558 codon Higher response rate Imatinib

c-KIT exon 9 10 Small intestine 2A502_Y503 codon repetition Unfavorable prognosis Imatinib high dose required –
c-KIT exon 13, 17 1 Small intestine Lys642Glu, Asn822Lys Larger and aggressive Sunitinib

PDGFRa exon 18 6 Stomach p.D842V Low mitotic count and favorable prognosis Regorafenib

PDGFRa exon 14 1.5 Stomach p.N659K Better prognosis Avapritinib

PDGFRa exon 12 >1 5.8 % gastric 
1.9%intestinal

V561D missense mutation Difficult to judge the prognosis Imatinib –

Other mutations 12 – SDH-deficient 
NF1 
BRAF 
KRAS

Difficult to judge the prognosis Sunitinib, regorafenib or other TKIs –
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Table 4 
Investigated and currently under investigation drugs.

Treatment Mutation Chemical structure References

gefitinib imatinib-resistant mutations [90]

apatinib KIT mutation in exon 11 [91]

dasatinib PDG- FRA D842V mutation [92]

nilotinib KIT exon 17 mutations [93]

cabozantinib KIT exon 9, exon 13, and exon 14 [94]

pazopanib KIT mutations [95]

ponatinib KIT exon 17 D816-mutant kinases [96]

crenolanib PDGFRA D842V mutation [97]

(continued on next page)
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Table 4 (continued )

Treatment Mutation Chemical structure References

sorafenib imatinib-resistant mutations [98]

everolimus imatinib-resistant mutations [99]

erlotinib imatinib-resistant mutations [100]

Fig. 5. Representative images of the main classes of biomaterials used in 3D scaffold production and drug delivery systems.
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The positive charge on the chitosan surface also enhances the permeability for delivery of the bioactive agent [110–112]. The 
pH-responsive nanoparticles against the tumor extracellular and intracellular stress are the most investigated to date. Almost all solid 
tumors are prone to speeding up the rate of glycolysis by generating a bulking amount of lactic acid to provide adequate energy for 
tumor cells (Warburg effect) [106]. The acidic microenvironment of gastric tumor is the origin of the design of pH-responsive smart 
nanoparticles. Smart biodegradable Np/pH dependent [113], Nps containing PCT and albumin, and perfosine combined with a 
drug-loaded Np are some other examples of novel therapeutic strategies for targeting c-KIT mutations. pH-responsive NPs can optimize 
drug delivery and potency by actively responding to environmental cues. A promising area of nanotechnology in GIST research in-
volves the use of carbon nanotubes loaded with nucleic acids (UDP-glucuronosyltransferases or p53) or drugs such as sorafenib tosylate 
[114]. In the form of hollow spheres, ellipsoids, tubes, and many other shapes, carbon nanotubes (CNTs) are a type of fullerene, a class 
of carbon allotropes [106]. Consequently, by overcoming limitations associated with conventional drug delivery, 
nanotechnology-based therapies have the potential to enhance treatment efficacy and improve patient outcomes.

6.2. Tumor microenvironment in a 3D scaffold model

The tumor microenvironment (TME) profoundly influences cancer cell behavior, regulating tumor progression and therapeutic 
response. To recapitulate the complex TME in vitro, three-dimensional (3D) culture systems have emerged as powerful tools. By 
mimicking the structural and biochemical regions of the extracellular matrix (ECM), these systems enable a more physiologically 
relevant representation of tumor growth and metastasis. Polymeric scaffolds have become the cornerstone of 3D cancer models, 
providing the necessary structural support for cell proliferation and interaction. The physio-chemical and mechanical environments of 
3D culture (Fig. 5) allow cancer cells to expand in a heterogeneous manner, adopting different phenotypes, gene and protein profiles, 
and developing metastatic potential and drug resistance similar to human tumors. This paragraph will focus on the recent advance-
ment of numerous 3D-based scaffold models for cancer tissue engineering (Table 5), which will increase the predictive ability of 
preclinical studies and significantly improve clinical translation.

The hybrid fibrous scaffold models are employed in many cancer types. Pal et al. developed a 3D hybrid scaffold model composed of 
Poly Lactic-co-Glycolic Acid (PLGA) fibres and GelMA hydrogel, which recapitulates the in vivo ECM better than GelMA or PLGA 
scaffold alone [115]. Poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and PHBV/CP (collagen peptide) are biocompatible 
nanofiber scaffolds produced by the electrospinning method. These biomimetic polymers are used for the chemosensitivity assay of 
anticancer drugs due to their strong influence on cell growth and resistance to anticancer drugs [116]. Bioprinted cancer models are an 
alternative to nanofiber scaffolds and offer a wide range of uses, including drug screening, development, and delivery, cancer 
modeling, and regenerative medicine. Three-Dimensional Microfilament Printing of a Decellularized Extracellular Matrix (dECM) 
Bioink Derived from Porcine Decellularized Gastric Tissues (g-dECM) could be an example. The presence of cellulose nanoparticles in 
g-dECM [117] confers stability, compactness, and system order, mimicking the biological and structural conditions observed in vivo. 
Anyway, some limitations such as sample manipulations, repopulation rate, diffusion of oxygen and nutrients should be considered 
[118]. The synthesis of a patient-derived hydrogel offers a partial solution. Hydrogels are highly hydrated polymers which maintain 
structural integrity through physical and chemical crosslinks among polymer chains. The typical dECM-mimetic hydrogel consists in 
collagen-based self-assembly partially regulated by glycosaminoglycans, proteoglycans, and ECM proteins. It was proposed to develop 
in vitro tissue models with physiologically realistic geometries at microscale resolutions to approximate the actual density and size of 
human intestinal villi [118]. The coupling of hydrogels with microspheres or nanoparticles functionalized by ECM components and 
small molecules is a subsequent advancement in the development of high-performance scaffolds for tissue engineering [119,120]. In 
conclusion, two-dimensional (2D) cell cultures have been traditionally applied in cancer research and are still a dominant culture 
method in many biological studies. Cell-based assays are essential in the drug discovery and validation process, and 2D cell culture 

Table 5 
Advantages and disadvantages of different scaffolds in tissue engineering.

Type of scaffolds Advantages Disadvantages

Hydrogels • Tissue-like responsiveness
• Generally biocompatible

Minimal mechanical resistance

3D Bioprinted scaffolds • High-reproducibility of biomimetic microenvironments
• Homogeneous distribution of cells
• High mechanical resistance

Minimal diffusion of nutritional 
factors

Decellularized scaffolds • Provides ECM environment
• High bioactivity
• Promotion of cell-material interactions

• Difficulties in decellularization 
protocol;

• Minimal number of adhesiveness of 
cells

Fibrous scaffolds High surface-area-to-volume favouring cell proliferation, migration, adhesion and 
differentiation of cells

• Low structural stability;
• Unregulated scaffold morphology;
• Small pore-size

Microsphere scaffolds • Releasing of encapsulated bioactive molecules
• Long-time maintenance cell-culture
• Excellent mechanical properties

Expensive

Nanoparticle incorporated 
scaffolds

• High penetration
• Functionalized surface

Particle aggregation
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offers a platform for investigating cell physiology and disease outside of the organism. Due to the complexity of the cellular 
micro-environment, 2D cell cultures cannot perfectly replicate or reproduce the in vivo conditions. 2D cultures are characterized by 
unnatural growth kinetics, altered proliferation, behavior, and reaction to toxicants compared to in vivo environments. Hence, there is 
an important necessity to develop conditions that mimic human physiology. The most common type of three-dimensional (3D) tissue 
culture employed are 3D scaffold models. A biocompatible and biodegradable 3D scaffold system incorporating the biological and 
chemical characteristics of tumor-specific ECM would maximize mimicry and the power of in vitro studies. Although 3D culture is 
typically superior to 2D culture, biological indicators from cells grown in 3D systems can be confusing in respect to the scaffolding 
materials, synthesis and model designs. Different scaffolding materials, such as collagen, fibronectin etc., activate the functionally 
diverse cell receptors, making the system understandable. Therefore, selecting appropriate bio-polymers to address specific questions 
remains a challenge for the scaffold-engineering field. Despite these limitations, 3D models provide a more realistic starting point for 
understanding the cellular and molecular pathways involved in cancer cell/biomatrix interactions.

7. Conclusion and remarks

GISTs are rare tumors that account for a small percentage of gastrointestinal neoplasms, usually identified by CT scan associated 
with abdominal ultrasound, MRI, and PET. The pathological profile consists of spindle cells, epithelioid cells or mixed cell types that 
commonly stain positive for c-Kit and DOG-1. To assess the risk of malignancy and recurrence, specific indicators are employed, 
including tumor size, mitotic rate and location. The first line of GISTs treatment is imatinib, also used as adjuvant therapy post 
laparoscopic surgical resection. Metastasis, in advanced GIST, occurs in the liver, mesentery and omentum, and are treated as high risk 
GISTs. In the last year, FDA approved sunitinib, and regorafenib as second-third treatment line. Sunitinib is exploited for c-Kit exon 9, 
13, or 14 mutations, while regorafenib is used in highly refractory tumors.

Currently, the survival of GIST patients has considerably increased compared to historical data. Adjuvant and advanced GIST 
settings benefit from diverse authorized treatment: Avapritinib, Ayvakit (Avapritinib), Gleevec (Imatinib Mesylate), Imatinib Mesy-
late, Qinlock (Ripretinib), Regorafenib, Ripretinib, Stivarga (Regorafenib), Sunitinib Malate, Sutent (Sunitinib Malate) and other 
which are undergoing experimental phase. Anyway, the complexity of GISTs necessitates more extensive exploration of new treatment 
approaches. Nanotechnology offers a promising avenue for addressing the limitations of traditional cancer treatments. By encapsu-
lating drugs within nanoparticles, researchers can enhance drug delivery, specifically target tumors, and reduce side effects. Various 
nanoparticle types, including those derived from metals, polymers, and lipids, are being investigated for their potential in treating 
GISTs. Additionally, nanotechnology is contributing to improving diagnostic tools and a deeper understanding of tumor biology 
through three-dimensional cell culture models. Nanofibrous scaffolds are artificial extracellular matrices which provide a natural 
environment for tissue generation. In comparison to other forms of scaffolds, the nanofibrous scaffolds promote cell adhesion, pro-
liferation and differentiation due to the high surface and volume ratio. Scaffolds for tissue engineering have been synthesized by 
various techniques, including electrospinning, nanoprecipitation and fiber swelling. These models offer advantages for screening, 
development, and delivery of drugs. Although rapid prototyping techniques may have several advantages, some limitations and 
challenges still remain. Challenges in manipulation, cell engraftment, and diffusion of nutrients may need to be addressed. While 
significant progress has been made in GIST management, further research is essential to develop more effective and personalized 
treatments. By combining advancements in nanotechnology with a comprehensive understanding of GIST biology, the medical 
community can work towards improving patient outcomes and ultimately achieving a cure.
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