
Academic Editor: Mauro Salvi

Received: 17 March 2025

Revised: 14 April 2025

Accepted: 18 April 2025

Published: 21 April 2025

Citation: Gvozdeva, Y.

Nanotechnology-Based Delivery

Systems for Enhanced Targeting of

Tyrosine Kinase Inhibitors: Exploring

Inorganic and Organic Nanoparticles

as Targeted Carriers. Kinases

Phosphatases 2025, 3, 9.

https://doi.org/10.3390/

kinasesphosphatases3020009

Copyright: © 2025 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Review

Nanotechnology-Based Delivery Systems for Enhanced Targeting
of Tyrosine Kinase Inhibitors: Exploring Inorganic and Organic
Nanoparticles as Targeted Carriers
Yana Gvozdeva 1,2

1 Department of Pharmaceutical Technology and Biopharmacy, Faculty of Pharmacy, Medical University of
Plovdiv, 4002 Plovdiv, Bulgaria; yana.gvozdeva@mu-plovdiv.bg

2 Research Institute, Medical University of Plovdiv, 4002 Plovdiv, Bulgaria

Abstract: Kinase inhibitors are small molecules that block kinase activity and have sig-
nificant applications in both therapy and diagnostics. Recent studies suggest that these
inhibitors hold great potential as targets for treating a range of diseases, including au-
toimmune disorders, cardiovascular conditions, cancer, and inflammatory diseases like
ulcerative colitis. Ongoing research focuses on developing effective carriers for tyrosine
kinase inhibitors (TKIs) to enhance treatment outcomes while reducing side effects. The
nano-scale drug carriers have demonstrated the ability to encapsulate a wide range of
imaging and therapeutic agents, enhancing tumor diagnosis and treatment. Notably, the
incorporation of drugs with poor pharmacokinetics into nanocarriers enhances their solu-
bility and stability, offering a renewed opportunity to assess their full therapeutic potential.
The entrapped agents can be released in a controlled manner to maintain a specific drug
concentration within a treatment framework or triggered by specific stimuli such as time
or pH to target particular tissues or cells. The multifunctionality of nanosystems offers
a promising avenue for developing innovative tyrosine kinase inhibitor (TKI) delivery
strategies that serve as alternative treatment options for cancer and other inflammatory
diseases. This review aims to provide a comprehensive overview of innovative nano-scale
delivery systems for TKIs, both as standalone treatments and in combination with other
therapeutic agents or drug delivery approaches. We discuss their comparative advantages
and limitations for future small-molecule TKIs research.

Keywords: tyrosine kinase inhibitors; nano-scale drug delivery; nanoparticulate systems;
targeted nanocarriers

1. Introduction
Kinases are proteins that facilitate the transfer of phosphate groups between molecules,

playing a key role in activating or deactivating other proteins or molecules [1]. They play
a crucial role in cellular metabolism, regulation, endurance, and differentiation. Kinases
are broadly classified into lipid kinases, carbohydrate kinases, and protein kinases. In
mammalian signaling pathways, key kinase types include lipid kinases, tyrosine kinases
(TKs), serine/threonine kinases, and dual-specificity kinases. Protein kinases function
by transferring the terminal γ-phosphate group from adenosine triphosphate (ATP) to
serine, tyrosine, or threonine residues on target proteins. Protein kinase-mediated signaling
pathways have been linked to various diseases, including diabetes, inflammatory condi-
tions such as ulcerative colitis, and cancer [2]. Research on human kinases has identified
518 protein kinases, categorized into families based on their biological roles [3]. Of these,
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90 are classified as TKs. Tyrosine kinase is a phosphorylated enzyme belonging to the
protein kinase family.

Among the pathways involved in cancer treatment, TKs play a crucial role in regulat-
ing cell signaling [4]. Upon activation, TKs contribute to tumor cell growth, proliferation,
anti-apoptotic mechanisms, and the promotion of metastasis [5]. TKs have significantly
transformed cancer treatment, leading to the development of numerous TKs inhibitors,
such as erlotinib, imatinib (IMA), gefitinib, and sorafenib, which have been widely utilized
in cancer therapy [6]. Tyrosine kinase inhibitors (TKIs) function by competitively inhibiting
ATP at the kinase-binding site. However, each targeted compound varies in its kinase
selectivity, pharmacokinetics, and associated side effects. TKIs are a vital class of chemother-
apeutic agents that trigger apoptosis by disrupting cellular signaling pathways, ultimately
leading to cell death. However, certain chemotherapy drugs have a narrow therapeutic
index, making them both potentially harmful and unpredictable in their effects [4].

Due to their distinct molecular structures, small-molecule TKIs have emerged as
promising candidates for targeted cancer therapy. These inhibitors specifically interact with
intracellular tyrosine kinase domains, disrupting tyrosine phosphorylation and effectively
blocking the pathways that drive malignant tumor cell proliferation [7]. Small-molecule
TKIs are categorized into five main types (I–V) according to their mechanism of action
(Figure 1) [8].
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2025 by PowerPoint).

Type I inhibitors: These inhibitors directly compete with ATP by mimicking the
heterocyclic purine ring and reversibly binding to the ATP-binding pocket of kinases. Type
II inhibitors: Highly selective, these inhibitors target kinases in their inactive conformation
by binding to regions with specific gatekeeper residues. Type III inhibitors: These inhibitors
exert their effect allosterically by binding outside the ATP-binding site, thereby reducing
kinase activity. Type IV inhibitors: Also called substrate-directed kinase inhibitors, these
molecules reversibly interact at the substrate-binding domain rather than the ATP site.
Type V inhibitors: These reversible inhibitors engage with two distinct regions of the kinase
domain, making them bivalent in nature [8–10].
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Current small molecules of TKIs have limitations such as poor solubility, low oral
absorption, and significant side effects, restricting their clinical application. According
to the Biopharmaceutical Classification System (BCS), TKIs fall into Class II or IV, with
some exhibiting high permeability and others low permeability, despite their overall poor
solubility [11]. Enhancing solubility is crucial for BCS Class II drugs, as their bioavailability
depends on improved dissolution. TKIs have poor solubility, necessitating solubility en-
hancement for optimal oral bioavailability. Since TKIs are administered orally, dissolution
is the first step in their absorption. Adequate solubility in gastrointestinal (GI) fluids is
essential for effective absorption [12,13]. The delivery of TKIs remains challenging due to
their physicochemical properties, including dissolution rate, permeability, and solubility.
Additionally, the emergence of drug resistance during treatment remains a pressing issue.
Currently, the majority of TKIs are administered as oral immediate-release capsules or
tablets, consisting of mixtures of drug and excipient particles. A notable characteristic
of many TKIs is their strong dependence on pH for solubility in gastrointestinal fluids.
TKIs are weak bases and exhibit pH-dependent solubility. The GI tract has varying pH
levels, with the stomach being highly acidic (pH 2), the jejunum slightly acidic (pH 5–6),
and the ileum slightly alkaline (pH 7–8). TKIs are primarily absorbed in the small intes-
tine due to its large surface area. However, their solubility in the intestine is crucial for
absorption. The small intestine transit time is about 3–4 h and remains unchanged by food
intake [13,14]. While they exhibit limited solubility in the stomach’s acidic environment,
they become almost completely insoluble in the neutral pH of intestinal fluid [15]. Upon
oral administration, TKIs encounter the acidic stomach environment, leading to ionization
and increased solubility. However, as they move into the higher pH environment of the
intestine, their solubility decreases. Since many TKIs exhibit pH-dependent solubility,
optimizing their solubility is a key factor in designing an effective formulation [13]. The
molecular weight of a drug significantly influences its ability to pass through the gastroin-
testinal membrane via passive diffusion. Factors such as molecular weight, lipophilicity,
and surface polarity determine how well a drug can penetrate the membrane. In the case
of TKIs, their size directly impacts bioavailability. According to Lipinski’s rule, drugs with
a molecular weight exceeding 500 Da tend to have larger molecule sizes, which hinders
passive absorption due to the concentration gradient and results in lower bioavailability
due to slower absorption [16]. The molecular weight of TKIs varies, ranging from 380 Da
for Upadacitinib to 584 Da for Brigatinib [13].

Conventional drug delivery systems for TKIs have shown drawbacks such as dose-
dependent side effects, inconsistent bioavailability, and non-specific tissue distribution [1].
To address these challenges, researchers have explored various strategies in recent years
to develop and optimize advanced delivery systems for TKIs [17]. These innovations aim
to improve the efficacy of kinase inhibitors while minimizing their side effects. Adverse
reactions may include digestive issues like nausea, diarrhea, and abdominal discomfort;
eye-related symptoms such as dryness, blurred vision, retinal abnormalities, and fatigue;
blood disorders like anemia, neutropenia, or thrombocytopenia; skin reactions such as
rash, dryness, and hair loss; high blood pressure; irregular heart rhythms; kidney impair-
ment; headaches and dizziness; nerve damage leading to peripheral neuropathy; liver
dysfunction; gastrointestinal perforation; and thyroid disorders or other hormonal imbal-
ances [18,19].

Nanotechnology offers a promising drug delivery approach, with nanoformulations
presenting a lot of advantages (Table 1), which are much more significant than the disad-
vantages [4,7,13,17,20].
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Table 1. Advantages and disadvantages of nanoformulations.

Nano-Scale Drug Delivery Systems

Advantages Disadvantages

• Increase pharmacological efficacy and therapeutic
effectiveness

• Enhance chemical and physical stability
• Provide controlled and sustained drug release
• Facilitate targeted drug delivery
• Improve drug solubility and bioavailability
• Protect the drug against chemical, physical, and

biological degradation
• Enhance permeability and retention at the target site
• Can encapsulate hydrophobic and hydrophilic drugs

and enable their penetration across physiological
barriers

• Decrease drug toxicity
• Reduce drug dosing
• Reduce adverse effects associated with conventional

drugs
• Enhance tolerability within the body
• Allow for the delivery of larger drug payloads

• High production costs
• Low yield efficiency
• Challenges in scaling up manufacturing processes
• Risk of nanoparticle inhalation leading to potential

lung toxicity
• Elevated immunogenic responses
• Possibility of suboptimal targeting accuracy
• Tendency to aggregate within biological

environments
• Delayed or insufficient drug release in certain

scenarios
• Potential for pseudoallergic reactions and

inflammatory responses

Due to their small particle size, large surface area, high surface reactivity, and excellent
adsorption capacity, nanomaterials used as drug carriers have been shown to enhance drug
absorption and bioavailability, improve targeted delivery, extend circulation time, and
minimize harmful side effects on healthy tissues [11]. Targeted delivery using nanopar-
ticulate systems—including organic, inorganic, and hybrid nanoparticles (NPs)—offers
the potential to deliver TKIs unchanged, protected, and in sufficient quantity to the target
area without any undesirable results for the patient [4]. To optimize biological distribu-
tion and prolong circulation half-life, the concentration of nanocarriers can be fine-tuned,
ensuring their effective interaction with target tissues or cells [11]. Additionally, their
small size enables them to bypass biological barriers and facilitates cellular uptake. These
properties collectively contribute to reducing the toxicity of chemotherapeutic agents by
increasing drug accumulation at the target site, ultimately leading to improved therapeutic
outcomes [4]. Some studies have suggested that inhalation delivery of TKIs can be an effec-
tive anticancer strategy for lung cancer [21]. However, this approach is only feasible when
TKIs are incorporated into nanocarriers. Utilizing TKI-encapsulated nanocarriers offers a
promising strategy for achieving targeted drug delivery and enhancing therapeutic efficacy.

2. Nano-Scale Drug Delivery Systems
NPs can be precisely designed to selectively reach target tissues from the administra-

tion site, addressing challenges associated with conventional therapies, such as off-target
organ effects and systemic toxicity, which are often worsened by frequent and prolonged
dosing [22]. NPs have been extensively utilized as carriers for biologics due to their dis-
tinctive ability to target inflammation, protect encapsulated active agents, and enhance
penetration through epithelial mucosa. Notably, smaller particles (<10 µm) have demon-
strated interactions with macrophages and dendritic cells at inflamed sites, leading to
significant accumulation within the affected tissue [23]. Additionally, leveraging nanocarri-
ers to specifically target effector cells, particularly antigen-presenting cells, holds significant
potential for enhancing cellular responses or inducing immune tolerance [22]. This is made
possible by their adaptability, allowing for passive targeting through size and surface
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charge optimization or active targeting by functionalizing NPs with specific antibodies [24].
Moreover, NPs have been utilized to improve the permeability of bioactive compounds
across colonic epithelial tissues. Growing efforts to develop more effective TKI delivery
systems to mitigate their side effects have led to the advancement of TKIs nanomedicines.
Colloidal carriers, including NPs and vesicles, can be effectively utilized for the intracellular
delivery of TKIs derivatives. Furthermore, NPs are a successful approach to overcoming
drug resistance. Nanotechnology-based nanocarriers are designed using various materials,
including polymers, lipids, proteins, and biological components [21]. Therapeutic NPs can
be broadly classified into two main types regarding their chemical composition: inorganic
and organic (Figure 2) [17,25]:

1. Inorganic NPs, including silica, carbon-based, gold, and other metallic NPs.
2. Organic NPs, which encompass polymeric NPs such as nanospheres and nanocap-

sules, protein-based carriers, micelles, liposomes, solid lipid nanoparticles (SLNs),
dendrimers, nanotubes, nanofibers, nanocrystals, and others.
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2.1. Inorganic/Metallic and Non-Metallic NPs

Nowadays, inorganic nanocarriers like gold, silver, silica, graphene, or carbon nan-
otubes (CNTs) have been widely explored as drug delivery systems due to their physico-
chemical properties. These include biocompatibility, low cytotoxicity, ease of functional-
ization, and natural accumulation in cancer cells, increasing intracellular drug concentra-
tions [26].

2.1.1. Gold NPs (AuNPs)

AuNPs, ranging in size from 1 to 100 nm, are widely utilized for drug and gene delivery
due to their inert nature, exceptional biocompatibility, and lower toxicity compared to
other metal-based materials [26]. There has been growing scientific interest in AuNPs for
biomedical applications due to their ease of functionalization, outstanding biocompatibility,
and combined imaging and therapeutic potential [24]. However, it is important to note
that while gold is generally well tolerated by the body, it is not biodegradable and may
persist within the body for an extended period [27]. Smaller targeted NPs are more



Kinases Phosphatases 2025, 3, 9 6 of 19

effective than larger ones, as they enhance efficiency through endocytosis and receptor
binding. Among the various modification strategies, polyethylene glycol (PEG) is one of
the most commonly used compounds, as it can covalently bind to the surface atoms of
AuNPs, further improving their stability and performance in biomedical applications [28].
AuNPs, due to their unique physical properties, can absorb more light than other metals.
Incorporating TKIs into AuNPs and applying photothermal or photodynamic therapy can
create a synergistic effect for cancer treatment. However, this approach may also lead to
unintended side effects on normal tissues [29].

Coelho and colleagues (2019) developed a nanoscale drug delivery system using
PEGylated AuNPs for the targeted treatment of pancreatic cancer. They conjugated doxoru-
bicin (an anthracycline) and varlitinib (a TKI) with AuNPs and evaluated their cytotoxic
effects on pancreatic cancer cell lines. The nanoconjugates demonstrated a synergistic
effect, significantly reducing the survival of S2-013 cancer cells while minimizing toxicity
to healthy pancreatic cells. This study highlights the potential of PEGylated AuNPs as an
effective platform for delivering anthracyclines and TKIs, enhancing anticancer efficacy
while reducing harmful side effects. The functionalization of AuNPs presents a promising
approach in cancer therapy, offering improved drug targeting and reduced systemic toxicity,
which could be further explored for optimized treatment strategies [30].

2.1.2. Silver NPs (AgNPs)

Among the various nanoscale drug delivery strategies, AgNPs have emerged as one
of the most extensively studied nanotechnology-based structures due to their distinct
physicochemical properties [31]. In addition to their role in drug delivery, AgNPs are
widely recognized for their antimicrobial, optical, electrical, and catalytic properties. Their
unique characteristics, such as small size, high surface area, shape, particle morphology,
composition, coating or capping, agglomeration behavior, dissolution rate, reactivity in
solution, ion release efficiency, and the type of reducing agents used in their synthesis,
contribute to their versatility [32]. These properties make AgNPs highly suitable as drug
carriers in various biomedical applications, particularly in cancer therapy [33].

Adamo and colleagues (2023) explored the potential of AgNPs in combination with
TKIs for targeting chronic lymphocytic leukemia (CLL) cells [34]. Their research demon-
strated the synergistic effect of AgNPs with existing CLL treatments, such as venetoclax
and ibrutinib (ITB), highlighting their potential for combination therapies. They further
showed that conjugating AgNPs with the antibody rituximab in vitro. A key challenge
in the clinical translation of AgNPs is their non-specific distribution, which can lead to
off-target toxicity [32]. However, the study provided evidence that rituximab-conjugated
AgNPs improved targeted delivery, reducing unintended cytotoxic effects while enhancing
the selective elimination of CLL cells in vivo. This research also offered the first preclinical
proof that AgNPs can amplify the cytotoxic effects of venetoclax, ITB, and bepridil against
CLL cells. Furthermore, AgNPs conjugated with rituximab demonstrated improved effi-
cacy, specificity, and bioavailability in CLL models. Overall, these findings highlight the
potential clinical application of nanotechnology as a targeted delivery strategy for TKIs in
CLL therapy [34].

2.1.3. Mesoporous Silica NPs

Silica-based carriers exist in various forms, such as silica particles, nanotubes, hollow
silica particles, mesoporous silica NPs (MSNPs), and hollow mesoporous silica NPs (HM-
SNPs) [26]. Among these, MSNPs and HMSNPs serve as versatile nanocarriers due to their
large surface area and porous structure, allowing for efficient drug loading and permeation,
superior drug-loading capacity, easily modifiable surface, and excellent chemical stability.
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They can improve the solubility and stability of TKIs while enabling sustained drug release,
which helps minimize the toxicity associated with long-term TKI therapy [29].

Torabi et al. (2023) developed MSNPs loaded with sunitinib using the sol–gel method.
To enhance targeting efficiency, the MSNPs were modified with PEG 600 and functionalized
with mucin 16 aptamers. The nanosystems were physicochemically characterized and
tested on ovarian cancer cells. The characterization results confirmed that the MSNPs had
a spherical shape, an average particle size of 56 nm, and a surface area of approximately
148 m2. Cell viability assays demonstrated increased the cytotoxicity of the targeted MSNPs
in mucin 16-overexpressing OVCAR-3 cells. These findings suggest that the engineered
mesoporous silica nanosystems could serve as an effective multifunctional drug delivery
platform for targeting mucin 16-overexpressing cancer cells [35].

2.1.4. Carbon Nanotubes

CNTs are a cylindrical form of carbon allotropes with unique physicochemical proper-
ties. The rapid advancement of polyvalent CNTs as cancer treatment tools highlights their
growing potential. Due to their ability to cross biological barriers, functionalized CNTs have
shown significant promise as novel drug delivery systems. Numerous in vitro and in vivo
studies have confirmed that various chemically modified CNTs are biologically compatible
and can influence material behavior when introduced into living organisms [36].

Lila et al. (2023) developed a carbon nanotube-based drug delivery system incorporat-
ing the TKI neratinib for targeted breast cancer therapy. Multiwalled CNTs functionalized
with carboxylic acid were non-covalently coated with a biotin–chitosan layer to enable
dual-targeting capabilities—pH-responsive drug release via chitosan and biotin-receptor-
mediated active targeting through biotin. The coated CNTs were then loaded with neratinib.
In vitro drug release studies demonstrated a pH-sensitive release of neratinib, with higher
drug release occurring under acidic conditions. Cytotoxicity assays on the SkBr3 breast
cancer cell line showed dose-dependent effects, with neratinib-loaded Biotin–Chitosan-
coated CNTs exhibiting significantly greater cytotoxicity compared to free neratinib or
neratinib-loaded uncoated CNTs. The study further indicated that surface modification
with Biotin–Chitosan enhanced the uptake of CNTs by breast cancer cells, likely through
biotin receptor-mediated endocytosis. Overall, the obtained nanotubes present a promising
nanocarrier system for targeted, cell-specific drug delivery in breast cancer therapy [37].

2.1.5. Magnetic NPs (MNPs)

Significant medical potential for uses such as drug delivery and bioseparation also
exists for MNPs and superparamagnetic iron oxide NPs, which are biocompatible, possess
a large surface area, and function as contrast agents for magnetic resonance imaging
(MRI) [29]. In general, nanomaterials that induce or amplify iron-dependent programmed
cell death (ferroptosis) offer a promising anticancer approach by actively and passively
targeting tumor cells. Considering the complexity of tumor tissues, combining ferroptosis
with TKIs can further enhance anticancer efficacy [38].

Mohaghegh and his team (2022) demonstrated the potential of MNPs in biomedical
applications by designing erlotinib-loaded MNPs conjugated with anti-mucin 16 aptamers.
These NPs were developed as image-guided drug delivery systems, integrating non-
invasive MRI contrast agents for targeted therapy. The study found that combining MNPs
with L-Asparaginase produced a synergistic effect, significantly reducing ovarian cancer
cell viability. MRI and flow cytometry results showed that mucin 16-overexpressing cells
exhibited significantly higher uptake of the targeted MNPs compared to non-functionalized
NPs. Furthermore, MRI scans of ovarian cancer-bearing mice revealed notable signal
intensity changes at the tumor site just a few hours after intravenous injection of the
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targeted MNPs, in contrast to non-targeted ones. These findings indicate that erlotinib-
loaded MNPs offer a promising strategy for image-guided approach and targeted drug
delivery system in ovarian cancer therapy [39].

2.2. Organic NPs
2.2.1. Polymeric NPs

Polymeric NPs enhance drug accumulation within solid tumor tissues due to their
nanoscale size, which promotes increased permeability, retention, and cellular adsorption.
Additionally, they can improve the pharmacokinetic and pharmacodynamic properties of
various bioactive molecules, helping to overcome some of the limitations associated with
conventional drug formulations [26]. In the synthesis of polymer NPs, polymers can be cate-
gorized into natural polymers—such as starch, albumin, sodium alginate, chitosan, gelatin,
cellulose and synthetic polymers, including PEG, poly(lactic-co-glycolic acid) (PGLA),
polyvinyl alcohol, polyvinyl pyrrolidone, and others. Chitosan, a natural biopolymer
derived from the deacetylation of chitin, possesses remarkable physicochemical properties,
including excellent biocompatibility, biodegradability, and non-toxicity [40]. However,
its limited solubility in physiological aqueous solutions hinders its broader application.
While hydrophilic modifications can enhance its water solubility, they may also introduce
additional biological toxicity [41]. Poly (lactic acid) (PLA) is extensively utilized in the
formulation of various polymer NPs due to its biodegradability, biocompatibility, com-
postability, and self-assembly capabilities [42]. Similarly, PLGA, a synthetic biodegradable
polymer derived from lactic and glycolic acid, has been approved by the United States Food
and Drug Administration for its exceptional biocompatibility, biodegradability, and drug
encapsulation potential [41]. Due to its hydrophobic nature, PLGA is particularly effective
in encapsulating lipophilic drugs. PLGA-based nanocarriers offer several advantages,
including enhanced biocompatibility, prolonged circulation time in vivo, sustained drug
release, and excellent encapsulation efficiency [43]. Polymer NPs can be classified into
polymeric micelles (PMs), polymeric nanocapsules, and polymeric nanospheres [41].

2.2.2. Polymeric Nanocapsules/Nanospheres

Sankha Bhattacharya (2020) formulated chitosan-based polymeric NPs of IMA specif-
ically for targeting colorectal cancer. The NPs were synthesized using the ionic gelation
method combined with a central composite design approach. The optimized polymeric
NPs of IMA exhibited a mean particle size of around 200 nm, an in vitro cumulative drug
release of about 86%, and a drug entrapment efficiency of circa 68%. Fluorescence analysis
revealed that epithelial colon cells demonstrated increased fluorescent NPs accumulation
following intravenous (i.v.) administration. Additionally, no signs of tissue damage were
observed in the final formulations, suggesting their safe administration via the i.v. route.
The study concluded that the formulated chitosan-based polymeric NPs of the TKI IMA
could serve as a promising strategy for colorectal cancer treatment through intravenous
delivery [44].

Zhong and his team (2021) developed biodegradable triblock polymeric NPs for the co-
delivery of two TKIs, sorafenib and crizotinib, to assess their impact on lung cancer in vitro
and in vivo. The polymeric NPs had an average particle size of approximately 30 nm
and exhibited a steady release of both drugs. The NPs were rapidly taken up by cancer
cells and, compared to free drugs, led to significant tumor reduction, prolonged survival
rates, and fewer side effects. Moreover, the dual-TKI-loaded NPs effectively suppressed
tumor growth in vivo, extended survival, reduced tumor glucose metabolism, and caused
minimal damage to vital organs. Based on these findings, the researchers concluded that
the developed NPs have potential as a treatment strategy for lung cancer [45].
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2.2.3. Polymeric Micelles (PMs)

PMs are an emerging drug delivery system composed of amphiphilic di- or tri-block,
graft, and ionic copolymers that self-assemble in aqueous environments once their con-
centration surpasses the critical micelle concentration. Featuring a core–shell structure,
the hydrophobic core encapsulates drugs, while the hydrophilic shell enhances stability
and solubility. Crystallized polycaprolactone is commonly used to strengthen PMs, en-
suring drug retention in the gastrointestinal tract. Furthermore, improving the cohesive
interactions between the drug and polymeric core can enhance the physical stability of
drug-loaded micelles [46]. With their nanoscale size (<100 nm), PMs can penetrate tissues
without being recognized by the mononuclear phagocyte system, allowing sufficient time
for accumulation at the target site. In addition to these advantages, PMs offer controlled
drug release, enhanced drug loading capacity, and environmental protection for encapsu-
lated pharmaceuticals [36]. Compared to liposomes, PMs offer greater structural stability,
a smaller size range, and the ability to simultaneously encapsulate multiple therapeutic
agents with diverse physicochemical properties, making them a promising platform for
drug delivery [26,47].

Shih and their team (2022) researched the efficacy of PMs co-loaded with the TKI
sunitinib and 7-ethyl-10-hydroxy-camptothecin (SN-38) for colorectal cancer treatment.
Using the lyophilization-rehydration method, they prepared nanoscale micelles containing
SN-38 or sunitinib at different drug/polymer ratios. The study assessed cell viability and
cellular uptake in HCT-116 tumor cells. The results showed that SN-38/sunitinib micelles
exhibited the highest tumor accumulation compared to normal organs. In antitumor
efficacy studies, HCT-116 tumors in mice treated with SN-38/sunitinib micelles were
the smallest for a month, significantly smaller than in other experimental groups. These
findings confirm that SN-38/sunitinib co-loaded micelles can enhance the antitumor effects
of TKIs and SN-38, suggesting that this PMs formulation holds potential for colorectal
cancer treatment [48].

2.2.4. Solid Lipid NPs

Solid lipid NPs (SLNs) are colloidal drug delivery systems with particle sizes ranging
from 50 to 1000 nm and, so, the increase in surface area enhances drug absorption [49].
They consist of a solid biodegradable and physiologically compatible lipid core, stabilized
by a hydrophilic surfactant. SLNs offer reduced toxicity and lower cytotoxicity compared
to polymeric NPs. Additionally, the small size facilitates the bypassing of physiological
barriers in the gastrointestinal tract, allowing SLNs to improve the bioavailability of small-
molecule TKIs [50]. They are particularly effective in delivering lipophilic drugs [49].

SLNs provide several advantages over liposomes and polymeric NPs, including feasi-
bility for large-scale production, high stability, biodegradability, enhanced drug entrapment
efficiency, controlled drug release, and the potential for drug targeting through surface
modification. Controlled drug release occurs through degradation, erosion, or diffusion of
the lipid matrix [51].

In cancer therapy, SLNs can effectively deliver TKIs with improved bioavailability and
reduced resistance. Lipid-based nanocarriers like SLNs help overcome the limitations of
conventional anticancer treatments by enhancing the therapeutic efficacy and functionality
of potent anticancer drugs [13].

Moinuddin and his team (2023) formulated dasatinib/hesperidin-loaded SLNs for
the treatment of CML. These NPs were synthesized using a high-shear homogenizer and
optimized through a central composite design. The researchers developed both a dasatinib
suspension and dasatinib-loaded SLNs, analyzing their pharmacokinetic profiles via HPLC.
The presence of SLNs significantly enhanced dasatinib’s efficacy. A comparative analysis
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demonstrated that SLNs exhibited greater cytotoxicity than the free drug. Consequently,
the dual-targeted SLN formulation improved cellular sensitivity to the encapsulated drug
more effectively than the suspension form. In vivo efficacy data and the increased lifespan
percentage suggest that dasatinib in SLN formulation provides prolonged therapeutic
effects compared to a pure drug suspension. These findings highlight the advantages of
SLN-based targeted drug delivery [52].

2.2.5. Liposomes

Liposomes are spherical structures made up of one or more lipid bilayers that en-
case an aqueous core, composed primarily of cholesterol and phospholipid molecules.
Depending on the drug’s lipophilicity, it can be incorporated either within the lipid bi-
layer or in the internal aqueous core. The liposome’s membrane structure, which closely
resembles that of cell membranes, enables the effective cellular uptake of drugs, making
liposomes an ideal drug delivery system. Their unique properties, such as biocompatibility,
non-immunogenicity, high drug loading capacity, and controlled release capabilities, have
contributed to their widespread use in enhancing the biodistribution of therapeutic agents,
especially in cancer treatment [26]. Liposome-based drug delivery systems protect encap-
sulated drugs by shielding them from metabolizing enzymes during circulation, thereby
preventing premature catabolism. However, a major challenge in liposome formulation
is achieving optimal drug loading efficiency. The incorporation of TKIs into liposomes
and their controlled release is hindered by the high diffusivity of these molecules through
the lipid bilayer of the vesicle. Additionally, nano-crystallization within the aqueous
core of liposomes is generally not a possible approach for this class of compounds [53].
Moving forward, various specialized liposomes, including thermosensitive, pH-sensitive,
ultrasound-sensitive, photosensitive, and magnetic liposomes, will be further developed to
address these limitations and enhance the drug delivery efficiency of TKIs. Additionally,
research on precursor liposomes offers a promising approach to overcoming the instability
associated with conventional liposomes [41].

PEGylated liposomes can effectively accumulate in tumor tissues through passive
targeting, leveraging the enhanced permeability and retention (EPR) effect. This is made
possible by nanoparticle extravasation and the increased permeability of tumor vascula-
ture [54,55]. Additionally, PEGylation extends the liposomes’ circulation time by increas-
ing particle size, enhancing their stability and biocompatibility while ensuring patient
safety [54]. Theoretically, encapsulating a drug within PEGylated liposomes allows for
a lower dosage while improving efficacy due to these unique properties [55]. Given the
toxicity of sunitinib, a targeted delivery strategy is essential to minimize systemic side
effects [56].

Yueh and colleagues (2024) designed PEGylated liposomes as delivery systems to
precisely transport sunitinib (lipo-sunitinib) to renal cell carcinoma tumors. To address this,
the researchers developed PEGylated liposomes to enhance the tumor-specific delivery of
sunitinib. By harnessing the EPR effect and the prolonged circulation time provided by PE-
Gylation, the study demonstrated significant inhibition of renal carcinoma tumors in mouse
models. This innovative strategy offers a promising solution to reduce sunitinib-associated
toxicity while improving its therapeutic potential for advanced renal cell carcinoma [56].

2.2.6. Nanocrystals

Nanocrystals are drug crystals with a particle size in the range of a few hundred
nanometers. These nanoscale carriers are particularly advantageous for poorly soluble
drugs, with most TKIs belonging to the BCS Class II category. Nanocrystals enhance the
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pharmacokinetic properties of drugs while also reducing fed-fasted variability, making
them a preferred formulation strategy for improving drug solubility and bioavailability [36].

Wang and colleagues (2021) developed a realgar nanocrystal-based delivery system
incorporating IMA for synergistic treatment of chronic myeloid leukemia (CML). To ensure
stability, bovine serum albumin was carefully selected to encapsulate the realgar (arsenide)
nanocrystals, resulting in a uniform particle size of approximately 40 nm. Additionally,
the nanosystem was functionalized with folic acid to enhance tumor targeting, which
was confirmed through both in vitro and in vivo studies. This approach led to significant
tumor growth inhibition and prolonged survival in mice without noticeable side effects.
In vivo studies further demonstrated that the nanosystem extended the circulation half-life
of IMA, actively accumulated in tumor sites, and achieved superior therapeutic efficacy
compared to arsenide or IMA monotherapy. This study presents a synergistic nanoplatform
for targeted CML treatment, overcoming realgar’s biomedical limitations and emphasizing
the benefits of combining TKIs with arsenide for disease management [57].

2.2.7. Nanosponges (NSs)

Among different types of polymer-based nanocarriers, NSs have emerged as a promis-
ing strategy for the efficient delivery of a wide range of therapeutics, particularly for
targeted, sustained, and prolonged drug release [58]. These spherical nanocarriers possess
a highly porous surface and extensive internal cavities, allowing them to encapsulate
both lipophilic and hydrophilic drugs. The fabrication of NSs involves polymers such as
β-cyclodextrins cross-linked with diphenyl carbonate and ethylcellulose, with polyvinyl
alcohol serving as a stabilizer [59]. The porous nature of NSs enhances their encapsulation
capacity, making them ideal for delivering drugs with poor bioavailability and high dosage
requirements, ensuring sustained and controlled drug release [60].

Fatima et al. (2023) developed ITB-loaded NSs to enhance cytotoxic activity against
breast cancer cell lines. These NSs were prepared using emulsification solvent evaporation
technology and optimized by adjusting the ratio of ethylcellulose and polyvinyl alcohol
while maintaining a constant ITB dose of 50 mg. Physicochemical characterization con-
firmed proper drug encapsulation and compatibility with excipients. In vitro drug release
studies indicated that the NSs followed the Higuchi matrix model with anomalous non-
Fickian release kinetics. The ethylcellulose-based NSs provided sustained drug release for
24 h and demonstrated greater cytotoxic effects compared to free ITB. Their enhanced activ-
ity against MCF-7 cancer cells suggests that these NSs could serve as effective nanocarriers
for breast cancer treatment [60].

2.2.8. Nanofibers

In the past decade, nanofibers have gained significant attention, with electrospinning
being a widely used technique for their fabrication [61]. Electrospun polymeric nanofibers
are excellent candidates for the delivery of TKIs due to their high surface area and cus-
tomizable composition. These fibers are produced by electrospinning a viscous polymer
solution, where various factors influence their properties and morphology [62]. Solution
parameters such as viscosity and polymer concentration, along with operational factors
like needle diameter, spinning distance, applied voltage, and flow rate, play crucial roles in
fiber formation [63]. Additionally, humidity is a key environmental factor that significantly
impacts the development of porous structures in nanofibers [64].

Chen and colleagues (2023) developed supramolecular peptide nanofibers (SPNs)
co-loaded with dabrafenib (Da) and doxorubicin (Dox) for the targeted and synergistic
therapy of differentiated thyroid carcinoma. To enhance peptide stability in vivo, they
incorporated D-phenylalanine and D-tyrosine. Through multiple non-covalent interactions,
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SPNs/Da/Dox self-assembled into longer, denser nanofibers. A cancer-targeting ligand
was employed to enhance cellular uptake of the nanofibers, improving drug delivery
efficiency. The encapsulation of Da and Dox within SPNs led to decreased IC50 values for
both drugs, indicating enhanced potency. The co-delivery system exhibited the strongest
therapeutic effect in both in vitro and in vivo studies. Additionally, SPNs facilitated efficient
drug transport while enabling a lower Dox dosage, significantly reducing its associated
side effects. These findings highlight the potential of SPNs as a promising drug delivery
platform for the synergistic treatment of differentiated thyroid carcinoma [65].

2.2.9. Dendrimers

A dendrimer is a nanoscale, radially symmetrical molecule characterized by a well-
defined, uniform, and monodisperse structure [25]. It is a highly branched, spherical,
and multivalent molecule with synthetic flexibility, making it suitable for various appli-
cations, including catalysis and drug delivery [66]. The polymeric core of a dendrimer
could be obtained, for example, by polypropylene imine, PEG, and others. The surface
functional groups determine whether the dendrimer exhibits an anionic, cationic, or neutral
charge [67]. Some dendrimers incorporate inorganic elements like silicon or phosphorus as
branching points. Notably, positively charged phosphorus dendrimers have been utilized as
carriers for anticancer drugs. Their hydrophilic surface and hydrophobic backbone enable
effective membrane penetration, making them valuable in drug delivery applications [17].

Aleanizy et al. (2020) designed trastuzumab (TZ)-grafted dendrimers loaded with
neratinib, a TKI, for targeted breast cancer therapy. The dendrimers were also fluores-
cently labeled with fluorescein isothiocyanate. The study demonstrated the successful
encapsulation of neratinib with a sustained release profile. In vitro comparisons showed
that neratinib-TZ-loaded dendrimers exhibited greater selectivity and higher cytotoxicity
against SKBR-3 cells than both neratinib alone and neratinib-loaded dendrimers. These
results highlight the potential of TZ-conjugated dendrimers as targeted drug carriers, im-
proving the delivery of cytotoxic agents like neratinib and, thereby, reducing severe side
effects [68].

3. Possibilities and Limitations of Nanotechnology-Based TKIs Carriers
Nano-scale drug delivery systems represent one of the most rapidly advancing areas

in pharmaceutical research. The benefits offered by nanoparticles are well-established,
prompting intensive efforts toward the development of novel nanoparticle types, innovative
preparation techniques, and the incorporation of new polymers to enhance structural stability.

Table 2 summarizes the advantages and limitations of various nanoparticle systems,
categorized into organic and inorganic nanoparticles [69–76]. There is no “ideal” type
of nanoparticle that has only positive characteristics. Some drugs are suitable for en-
capsulation only in a certain type of nanoparticles. A particularly intriguing aspect of
current research is the successful incorporation of tyrosine kinase inhibitors across all
nanoparticle classes.

The chemical composition of nanoparticles plays a pivotal role in determining their
physicochemical properties. Metallic nanoparticles, for example, are highly regarded
for their superior electrical and thermal conductivity, as well as their distinct magnetic
behavior. Despite being among the earliest nanoparticles used historically as pigments,
they have recently gained significant attention for their potential to encapsulate TKIs for
biomedical applications. Lipid-based organic nanoparticles are particularly effective as
carriers for TKIs, owing to their biocompatible and structurally favorable composition.
Polymer-based nanoscale carriers of TKIs exhibit notable mechanical strength and chemical
stability, making them suitable for a wide range of therapeutic uses. Additionally, various
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carbon carriers, due to their versatile bonding characteristics, can form a diverse array of
nanostructures, each possessing unique and valuable properties when including TKIs [71].

Table 2. Advantages and disadvantages of different classes of nanoparticles.

Type of Nanoparticles Advantages Disadvantages

Inorganic nanoparticles, including
silica, carbon-based, gold, and

other metallic nanoparticles

1. Possess tunable electrical, magnetic,
and optical characteristics
2. Offer flexibility in size, shape, and
structural design
3. Well-suited for theranostic
applications combining therapy and
diagnostics
4. Easier tracking
5. Exhibit catalytic properties
6. Respond to various external stimuli
7. Support diverse and adaptable
surface functionalization
8. Promote increased cellular uptake
through ionic interactions with the
blood–brain barrier

1. Limited information on long-term
toxicity and stability
2. Prone to aggregation and stability
challenges
3. Involves intricate synthesis
processes and high production costs
4. Raises environmental safety
concerns
5. Exhibits poor solubility under
certain conditions
6. Lacks biodegradability, leading to
persistence in the body
7. Potential for accumulation in vital
organs
8. Associated with various toxicity
risks
9. Risk of toxicity due to the metal
accumulation

Organic
nanoparticles

Polymeric
nanoparticles

1. Enhanced stability under various
conditions
2. Biodegradable and biocompatible
3. Broad acceptance across biomedical
applications
4. Easy surface modification
5. Capable of encapsulating both
hydrophilic and hydrophobic drugs
6. High capacity for drug loading
7. Enables sustained and controlled
drug release
8. Versatile design adaptability
9. Allows for precise control over
particle size, shape, and surface
characteristics

1. Involves complex and expensive
fabrication techniques
2. Susceptible to
aggregation/agglomeration,
necessitating surface functionalization
3. Faces significant challenges in
large-scale production
4. Limited ability for real-time tracking
and monitoring
5. Typically results in low production
yield
6. Risk of pseudoallergic reactions
7. Uncontrolled or premature drug
release into the bloodstream remains a
major concern

Lipid-based
nanoparticles

1. Capable of interacting with cells and
facilitating membrane transfer
2. Facilitates ligand attachment to
enhance circulation time in the
bloodstream
3. Supports encapsulation of both
hydrophilic and hydrophobic drug
molecules
4. Simple formulation process
5. Flexible payload capacity for diverse
therapeutic agents
6. Biocompatible and biodegradable
materials
7. Generally non-toxic
8. Allows for straightforward surface
modification

1. Possible cytotoxic effects resulting
from non-specific cellular uptake
2. Pseudoallergy and inflammation
3. Limited encapsulation efficiency
4. Inconsistencies between production
batches
5. Low efficiency in incorporating
certain therapeutic agents
6. Slow drug release
7. Relatively short shelf life
8. Suboptimal physical and chemical
stability
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The emergence of drug resistance to TKIs poses a significant obstacle in the treatment
of certain diseases. Nanomedicine presents a promising strategy to overcome this issue
by enabling targeted drug delivery and controlled release. These capabilities have shown
encouraging results in preclinical studies. The use of nanoparticles and multifunctional
nanosystems highlights their potential to enhance therapeutic outcomes, especially in
cases where resistance to TKIs has developed [77]. Drug resistance significantly limits
the effectiveness of chemotherapy and remains an inevitable challenge in the treatment of
tumors. Whether intrinsic or acquired, drug resistance is a major contributor to treatment
failure in over 90% of patients with metastatic cancer. Resistance to TKIs often develops
within the first year of therapy. To improve patient outcomes and extend survival, various
strategies have been explored to counteract drug resistance. Common approaches include
combination therapies, the modulation of drug concentrations within tumor cells, and
targeting the tumor microenvironment using nanotechnology [41]. Nano-scaled carriers
aim to protect drug molecules from external environmental factors, enable targeted delivery
to specific organs, facilitate controlled and sustained release, and support the emerging
paradigm of personalized medicine.

While nanotechnologies exhibit a promising approach, further investigation is essential
to fully understand and optimize their potential in TKI encapsulation and targeting.

4. Future Directions: Clinical Trials of Nano-Scaled TKI Carriers
Nanotechnology is gaining increasing recognition for its potential in cancer therapy.

Nanoencapsulated drugs have shown enhanced pharmacokinetic and pharmacodynamic
properties, contributing to more effective treatment outcomes. Due to their small size,
nanoparticles can navigate through difficult-to-reach areas in the body, while their high
surface-area-to-volume ratio enables the delivery of larger drug quantities directly to tumor
sites. Additionally, the surface of nanoparticles can be functionalized with ligands such
as small molecules, antibodies, or peptides [69]. These ligands can be tailored to target
specific markers that are unique to or overexpressed on cancer cells, such as tumor-specific
surface receptors. This targeted approach not only boosts the efficacy of the drug but also
minimizes systemic toxicity and adverse side effects [77].

Combining TKIs with immunotherapy represents a promising strategy for cancer
treatment. This approach is supported by several key observations: TKIs not only reduce
tumor burden but also enhance immune recognition and destruction of cancer cells, and
they influence the intestinal barrier and help modulate gut dysbiosis. Preclinical studies
in various mouse models have demonstrated the potential effectiveness of this combi-
nation. The growing number of clinical trials highlights the increasing interest in this
therapeutic strategy. Additionally, the wide range of cancers being addressed through such
combinations suggests their broad applicability [78].

An illustrative example of such combination therapy is the Phase I study by Chien
et al. (2009), which evaluated a 2-day lapatinib chemosensitization pulse followed by
nanoparticle albumin-bound paclitaxel in patients with advanced solid tumors. Preclinical
evidence suggests that short-term, high-dose administration of TKIs targeting the human
epidermal growth factor receptor family can prime tumor vasculature, enhancing the
delivery and effectiveness of chemotherapy. This clinical study explores the translational
potential of that strategy [79]. Currently, a number of clinical trials are underway to
incorporate TKИc into nanoparticles in combination with an antitumor agent. Some of
them are in phase 1, and others have already moved to phase 4. This is a significant advance
in cancer treatment and has promising benefits.

The rational design of biopolymer-based nanocarriers with optimized physicochemical
properties, structural morphology, and drug release kinetics is essential for developing
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next-generation drug delivery platforms. These systems aim to enhance safety profiles
and therapeutic outcomes, representing a central objective in the field of nanomedicine.
Although numerous methods for nanoparticle synthesis have been successfully developed,
there remains a need for more refined and precise techniques to address the limitations of
current approaches and to facilitate their effective translation to commercial-scale applications.

5. Conclusions
TKIs are extensively utilized in both in vivo and in vitro studies for targeted drug

delivery in various cancers and inflammatory diseases. Preclinical research indicates that
incorporating nanocarriers with TKIs leads to improved therapeutic outcomes compared to
using TKIs alone. Polymeric, metallic, and inorganic nanocarriers possess unique properties
that could enhance efficacy and minimize side effects of TKIs. Targeted nanocarriers and
NPs with extended blood circulation and enhanced therapeutic efficiency have gained
significant research interest. Optimizing TKIs nanosystems requires surface modification
and functionalization to ensure compatibility and effectiveness in biological systems. The
use of NPs as targeting carriers is a promising approach, as they present diverse structures
and properties that make them well suited for delivering small-molecule TKIs.
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TKs Tyrosine kinases
TKI Tyrosine kinase inhibitor
TKIs Tyrosine kinase inhibitors
ATP Adenosine triphosphate
BCS Biopharmaceutics Classification System
NPs Nanoparticles
CNTs Carbon nanotubes
AuNPs Gold nanoparticles
AgNPs Silver nanoparticles
CLL Chronis lymphocytic leukemia
MSNPs Mesoporous silica nanoparticles
HMSNPs Hollow mesoporous silica nanoparticles
MNPs Magnetic nanoparticles
MRI Magnetic resonance imaging
PMs Polymeric micelles
SN-38 7-ethyl-10-hydroxy-camptothecin
SLNs Solid lipid nanoparticles
CML Chronic myeloid leukemia
EPR Enhanced permeability and retention
IMA Imatinib
NSs Nanosponges
ITB Ibrutinib
SPNs Supramolecular peptide nanofibers
Da Dabrafenib
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DOx Doxorubicin
TZ Trastuzumab
i.v. Intravenous
PLA Poly(lactic) acid
PLGA Poly(lactic-co-glycolic) acid
PEG Polyethylene glycol
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