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Abstract: Globally, colorectal cancer (CRC) ranks as one of the most prevalent types of cancers at
the moment, being the second cause of cancer-related deaths. The CRC chemotherapy backbone is
represented by 5-fluorouracil, oxaliplatin, irinotecan, and their combinations, but their administration
presents several serious disadvantages, such as poor bioavailability, lack of tumor specificity, and
susceptibility to multidrug resistance. To address these limitations, nanomedicine has arisen as
a powerful tool to improve current chemotherapy since nanosized carriers hold great promise in
improving the stability and solubility of the drug payload and enhancing the active concentration of
the drug that reaches the tumor tissue, increasing, therefore, the safety and efficacy of the treatment.
In this context, the present review offers an overview of the most recent advances in the development
of nanosized drug-delivery systems as smart therapeutic tools in CRC management and highlights
the emerging need for improving the existing in vitro cancer models to reduce animal testing and
increase the success of nanomedicine in clinical trials.

Keywords: drug-delivery systems; nanoparticles; liposomes; colorectal cancer; target therapy; nanomedicine

1. Introduction

Globally, colorectal cancer (CRC) ranks as one of the most prevalent types of cancers
at the moment, being the second cause of cancer-related deaths [1,2]. According to World
Health Organization (WHO), CRC is positioned worldwide as the third most common
type of cancer as incidence, and the second as mortality, with 1.93 million new cases and
935,000 deaths reported in 2020 [2,3]. The CRC incidence is directly correlated with the
economic status of the countries, the most affected countries being low- and middle-income,
where lifestyle habits and dietary patterns sustain the development of this malignancy [4–6].
Despite the existence of screening programs that allow CRC diagnosis in early stages [7],
CRC morbidity and mortality are steadily increasing even in developed countries. This
trend is correlated with the disease stage at the time of diagnosis that holds a great impact on
the 5-year relative survival rate of CRC patients. The 5-year relative survival rate decreases
from ~90% for stage I CRC to ~10% for stage IV metastatic CRC (mCRC) [8], the disease
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stage being also a crucial factor in the establishment of a proper and effective therapeutic
approach. Unfortunately, the onset of CRC is asymptomatic, a feature that is responsible
for the large number of patients in advanced stages of the disease at initial diagnosis. While
one-quarter of the CRC patients are diagnosed from the beginning with mCRC, more than
half of the patients will develop metastasis along with CRC progression [1,9]. More, the
initiation of the screening programs is typically recommended for adults with ages above
50 years, but the recent rising incidence among young adults could rewrite the current CRC
screening guidelines [10]. For example, the American Cancer Society already lowered the
age threshold to 45 years for individuals with risk for CRC development [11], but further
adjustments need to be done at a global level to lower the CRC burden and ensure the
detection of CRC in early stages.

At the moment, several therapeutic approaches are implemented in clinics for CRC
management such as surgery [12–14], radiotherapy [15,16], chemotherapy [17–19], and
targeted therapy if applicable [20]. The choice of the approach is dependent on the stage
of CRC at the initial diagnosis. While CRC patients diagnosed in the early stages of the
disease by colonoscopy or sigmoidoscopy, which present a clean tumor with well-delimited
margins, qualify for surgical resection of the tumor, the major challenge is represented by
patients in stage III/IV, where the disease is spread to the lymph nodes and distant organs.
For these patients, adjuvant chemotherapy is mandatory to control CRC and metastatic
invasion, followed by tumor and metastases surgical resection if allowed [21].

Despite the recent advances in cytotoxic chemotherapy and targeted therapy, the
prognosis of CRC remains unsatisfactory, especially for mCRC patients [22]. The severe
side effects associated with chemotherapy and the development of multidrug resistance are
critical issues that hinder the proper care of CRC patients by limiting treatment efficacy and
leading to chemotherapy failure. In this view, nanomedicine has emerged as a powerful
tool to improve the existing drug-based strategies for CRC treatment. Nanomedicines are
nanosized carrier biomaterials that are used as shuttles to deliver drug cargos to the tumor
tissue. These nanosized drug-delivery systems possess the potential to improve the stability
and solubility of the drug payload and to enhance the active concentration of the drug
that reaches the tumor tissue, increasing the safety and efficacy of the treatment [23,24].
In this context, the present review offers an overview of the most recent advances in the
development of organic nanosized drug-delivery systems as smart therapeutic tools in
CRC management.

2. Current Pharmacotherapy Available for CRC

The existing pharmacotherapy available for CRC treatment relies on the adminis-
tration of cytotoxic agents, targeted therapies, and their combinations. Among cytotoxic
agents, CRC chemotherapeutic regiments are based on the administration of capecitabine
or 5-fluorouracil (5-FU), oxaliplatin (OXP), and irinotecan (IRI) (Figure 1), anticancer
agents that are usually combinatorically administrated to amplify their antineoplastic
potential: 5-FU/LV/OXP (FOLFOX), 5-FU/LV/IRI (FOLFIRI), and 5-FU/LV/IRI/OXA
(FOLFIRINOX) [25,26]. These anticancer agents act on both DNA or RNA synthesis to
exert their cytotoxic effects [27–29], and although they still represent the backbone of
CRC chemotherapy, their administration presents several serious disadvantages, such as
poor bioavailability [27,30,31], lack of tumor specificity, and susceptibility to multidrug
resistance [28,32,33].

One such example is 5-FU, a fluoropyrimidine analogue and a first-line drug in colorec-
tal cancer chemotherapeutic regimens. The conversion of 5-FU into its inactive metabolite,
5,6-dihydro-5-fluorouracil (DHFU), is directly dependent on the dihydropyrimidine dehy-
drogenase (DPYD) enzyme, which is encoded by the DPYD gene [34]. Several genotypic
variants of DPYD were identified in the population that can be translated into individual
variations in the drug’s clearance [35], leading to 5-FU systemic toxicity and drug resis-
tance [36]. Consequently, 5-FU administration is associated with side effects that can vary
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from mild to severe, depending on the patient’s tolerance [37,38], severely limiting the dose
of the drug and leading to poor antineoplastic results.
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Figure 1. Structure of conventional chemotherapeutic agents administrated in CRC.

For a more specific approach to CRC pathology, the strategy relies on targeting
molecules that play a central role in tumor development and progression, generally by
using monoclonal antibodies [39]. In this respect, anti-angiogenic drugs targeting the
vascular endothelial growth factor (VEGF) pathway hold a key role in treating patients
with metastatic CRC. Bevacizumab [40–42], ramucirumab [43], and aflibercept [44,45] are
used for targeting angiogenesis, a culprit in tumor development and progression [46,47].
For CRC patients that do not harbor KRAS or NRAS mutations, cetuximab and panitu-
mumab can be administrated as anti-EGFR antibodies [48–50]. Epidermal growth factor
receptor (EGFR) modulates CRC initiation and progression due to its key role in acti-
vating downstream signaling pathways that control tumor cell growth, differentiation,
and proliferation [51–54]. More recently, immune checkpoint blockade agents such as
pembrolizumab, nivolumab, and ipilimumab have been exploited as targeted therapy
in CRC [20]. Promising clinical studies raise the hope of survival improvement in CRC
patients when administering bevacizumab and standard chemotherapy combined ap-
proach [55,56].

3. Targeting Strategies for Drug-Delivery Systems in CRC

An ideal drug-delivery system for anticancer agents should be designed and devel-
oped to significantly improve the efficacy of the drug-free traditional treatment by function-
ing as a protective shuttle for avoiding drug degradation, thus ensuring an increased drug
concentration that reaches the tumor. More, in the preparation phase, the nanoparticles
should be tailored to enhance their tumor selectivity and ensure accumulation to the tumor
site, reducing therefore the cytotoxic effects on normal healthy tissues.

The physicochemical proprieties of the nanocarriers impact their effectiveness as drug-
delivery systems in CRC management. The size and shape of the nanoparticles, as well as
the charge of their surface, have a non-specific effect, which is determined by the interaction
with the cell membrane [57]. Since the surface of the cell membrane is negatively charged,
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positively charged particles have the highest penetration rate, while the lowest penetration
rate is observed at nanoparticles with a negative surface charge [58]. It has been shown that
a high positive charge on the surface of particles leads to enhanced cellular uptake, while a
negative charge contributes to reduced absorption of nanoparticles [59]. It is noteworthy
that the immobilization of some proteins on the surface of charged nanoparticles has a
leveling effect on the charge factor, contributing to a similar rate of absorption of positively
and negatively charged particles [60].

The size of nanoparticles has a significant impact on the rate and mechanism of their
absorption. The rate of nanoparticle absorption by cells increases with particle size [61]. For
particles with a diameter of more than 200 nm, absorption generally occurs through clathrin-
dependent endocytosis. The mechanism of smaller particle absorption remains a subject
of discussion, being probably associated with passive transport through the pores of the
cell membrane or directly through membrane fusion [62]. Lastly, the nanoparticles smaller
than 100 nm may be absorbed through the nuclear membrane, enabling the transport
of drugs into the cell nucleus. Thus, the size of the carrier particles determines the rate
and mechanism of its absorption by the cell, as well as the character of drug distribution
between the cell organelles [63].

The penetration rate of nanoparticles into the cell also depends on their geometric
shape. It has been shown that spherical particles are absorbed by cells at the highest
rate [64]. The interpretation of data on the effect of the size and shape of particles on the
nature of their absorption by the cell should be carried out with caution since nanoparticles
are simultaneously involved in at least three processes: diffusion, sedimentation, and
agglomeration [61].

Although these factors are common for the therapy of all types of cancers, CRC
of various etiology [65,66] has special requirements for ensuring the bioavailability of
pharmacologically active substances delivered through nanoparticles [67]. The problem
of increasing the bioavailability of drugs can be solved, at least partially, by introducing
CRC-specific ligands on nanoparticle surfaces [68,69]. Based on these observations, there
are two strategies by which nanosized drug-delivery systems reach tumor cells (Figure 2):
(i) passive targeting, where nanoparticles take advantage of the abnormalities of tumor
vasculature to accumulate at the tumor site, and (ii) active targeting, where nanoparticles
are functionalized with moieties that directly target the tumor cells.
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3.1. Passive Targeting

The passive targeting strategy is based on the capacity of the nanosized drug-delivery
systems to passively accumulate in tumor cells, due to the enhanced permeability and
retention (EPR) effect. The development of tumors relies on angiogenesis as a requisite
for tumor growth and metastasis, as the tumors fail to develop over a few mm in the
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absence of a supportive vasculature network that supplies oxygen and nutrients [70–72].
This newly formed tumor vascular network is characterized by a disorganized architecture,
hyperpermeability, impaired blood flow, and loose interconnections between endothelial
cells [73–76]. Due to the high permeability of tumor blood vessels and their impaired
lymphatic drainage system, nanocarriers reach the tumor through preexisting vascular
endothelial gaps and accumulate in the tumor tissue, where are retained for prolonged
times in the absence of a functional lymphatic system [77], a phenomenon called the EPR
effect. As the drug-delivery systems take favor of the leaky tumor blood vessels to reach
tumors, the nanocarrier size is an important characteristic in passive targeting. The tumor
vascular pore diameter measures between 100 nm to 2 µm depending on the cancer type
and stage, but in CRC, sizes usually range between 400 and 600 nm [78,79]. This aspect
should be taken into consideration in drug-delivery system development, since the size
mediates the ease by which the tumor tissue captures the nanocarriers from circulation,
as the nanoparticles need to fit the existing endothelial fenestrations to reach tumors. It is
considered that the ideal particle size developed should be in the range of 10–200 nm, as it
is considered that in this range the particles lack the ability to extravasate normal tissues
and avoid clearance mediated by renal excretion and phagocytosis [80,81].

On the other hand, the fate of the carriers upon administration needs to be taken
into consideration in the nanosized drug-delivery system design. Once in circulation,
nanoparticles interact with the host immune system that recognizes them as foreign objects
and activates defense mechanisms. As a result, nanocarriers are engulfed by cells of the
mononuclear phagocyte system (MPS) and are rapidly cleared from the systemic circulation
before reaching the tumor tissue [82,83]. Therefore, conventional nanosystems need to
be tuned to improve their in vivo stability and to avoid their rapid systemic clearance
by the MPS [84]. In this view, the most popular choice for shielding nanocarriers is
PEGylation, but other strategies can be also employed to achieve long-circulating drug-
delivery systems [85]. Polyethylene glycol (PEG) is a versatile polyether diol that is
attractive for biomedical applications due to its excellent biocompatibility and solubility
and low immunogenicity [86,87]. PEG acts as a protective hydrophilic film that helps
nanoparticles to escape the MPS cells and to avoid aggregation [88,89]. Even if PEGylation
is intensively used for nanosized systems camouflage and has proven to be a functional
strategy for improving circulation stability and nanoparticle accumulation in tumors,
the use of this approach remains controversial for gene and nucleic acid delivery. The
presence of the PEG aqueous coating on the liposome surface inhibits the interaction of
the nanocarriers with the cancer cell surfaces and receptor-mediated endocytosis, leading
therefore to a severely reduced cellular uptake [90,91]. In this context, strategies for
overcoming this so-called “PEG dilemma” should be employed for the prospective use of
nanomaterials for drug-delivery of low-dosage therapeutic cargos such as pDNA, siRNA,
or miRNA.

In conclusion, the ideal passive targeting nanoshuttle should meet the following two
properties: (i) appropriate particle size for efficient pass-through the tumor neovasculature,
and (ii) “invisibility” against the host immune system.

3.2. Active Targeting

The discovery of specific molecular aberrations on colorectal tumor cells surface has
opened the opportunity for the development of superior nanomedicines by enriching the
nanosized drug-delivery system surfaces with different moieties that specifically bind to
receptors that are overexpressed in colorectal cancer. This strategy helps the nanoparticles
to discriminate between healthy and tumor cells, thus improving tumor specificity and
ensuring a superior cellular uptake of nanoparticles into tumor cells. Different moieties
such as monoclonal antibodies, aptamers, nucleic acids, small molecules, and peptides
are widely used for nanoparticle surface functionalization and to further assist tumor cell
localization and uptake.
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Transferrin receptors (TFRs) are membrane glycoproteins involved in iron transport
through transferrin binding and receptor-mediated endocytosis, which are expressed at
low levels in the majority of normal tissues [92,93]. Iron is vital for cell proliferation, and
due to the increased need of tumors for nutrients, including iron, the overexpression of
TFR1 is identified in cancer patients including CRC [94,95]. While the abundance of TFR1
impacts colorectal cancer cell proliferation rates [96], this is particularity appealing for
engineering nanoparticles in CRC-targeted therapy by surface functionalization with TFR’s
natural ligand transferrin [97–100].

Folate receptors (FRs) are membrane-bound glycoproteins that show a high affinity
for folates and folate conjugates [101] and are overexpressed in epithelial cancers [102].
FRs sustain tumor cell proliferation, migration, and invasion, and their levels impact the
CRC patient’s average life expectancy [103,104]. FRs bind folate, a water-soluble vitamin
involved in amino acid metabolism and DNA and RNA synthesis [105], with a vital role
in cell survival and proper development. In cancers, the overexpression of FRs leads to
an increased intracellular concentration of folate, a nutrient that sustains the rapid and
uncontrolled tumor cell proliferation [106,107]. Folate enrichment of nanoparticles can
increase the selectivity of the drug-delivery systems for colorectal tumor cells, improving,
therefore, therapy efficacy [108–114].

Hyaluronic acid (HA) is a popular molecule for tailoring nanocarriers to target CD44,
a transmembrane glycoprotein overexpressed in cancers, with implications in tumor cell
proliferation, differentiation, motility, and chemoresistance [75,115]. More, CD44 is part of
the molecular signature of cancer stem cells, a subpopulation of cells involved in tumor
initiation, growth, and metastasis [116,117]. Therefore, HA-decorated nanoparticles could
target both tumor cells overexpressing CD44 as well as cancer stem cells [118–122].

Antibodies are also widely used for nanocarrier functionalization based on their inher-
ent capability to specifically recognize their targets, and the promising results of cetuximab
and panitumumab administration in improving clinical outcomes for mCRC patients lead
to the use of these molecules as functionalization agents to direct nanoparticles towards
tumor cells that overexpress EGFR. Several anti-EGFR-coated nanoparticles loaded with
5-FU were synthesized for CRC applications and showed superior colorectal cancer cell
specificity and cytotoxicity of the novel drug-delivery systems [123–125]. An alternative
for antibody use are aptamers, small single-stranded DNA or RNA molecules that present
superior binding specificity and affinity for targeted molecules and low immunogenic-
ity [126]. Yao et al. used a self-assembled DNA-nanocross functionalized by four AS1411
aptamers for doxorubicin delivery to target the overexpressed nucleolin localized on the
colorectal tumor cell surface and found that the drug-delivery system developed was
selectivity delivered to colorectal carcinoma cells and presented an enhanced antitumor
efficacy compared to free doxorubicin [127].

Another approach explored for active targeting purposes is the use of stimuli-responsive
nanocarriers that release their drug payload as a response either to intrinsic stimuli pro-
vided by the pathological microenvironment or to extrinsic stimuli delivered artificially.
In the case of endogenous stimuli-responsive nanosystems, the release of the encapsu-
lated drug cargo from nanoparticles is triggered by tumor-specific environmental clues
(pH, hypoxia, redox potential, enzymes) [128]. A common choice is represented by pH-
responsive nanocarriers developed based on the clear differences in pH observed between
tumor (pH < 6.5) and normal tissues (pH 7.4), which are generated by marked acidifi-
cation at the tumor site as a result of excessive glycolysis and impaired waste removal
mechanisms [129,130]. For exogenous stimuli-responsive nanosystems, various external
stimuli (light, thermal, magnetic, ultrasound) can be provided to achieve the nanoparticles’
therapeutic cargo-specific discharge at the tumor site [128]. Examples of such nanosized
particles engineered as stimuli-responsive drug-delivery systems in CRC are summarized
in Table 1.
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Table 1. Examples of nanosized carriers as stimuli-responsive drug-delivery systems for CRC-targeted therapy.

Stimuli Nanosystem
Description

Biological Investigation
Highlights Ref.

Redox-responsive
Xylan-SS-curcumin nanoparticles

loaded with 5-FU prodrug
(5-FU-stearic acid)

Low hemolytic activity.
Higher cytotoxicity than free drugs on HT-29

and HCT-115 cells.
[131]

pH-responsive

O’-methyl polyethylene glycol
(omPEG) IRI liposomes and omPEG

miR-200 solid lipid nanoparticle, both
functionalized with

mitochondria-targeting
peptide K (RFKH)

Potent inductor of apoptosis that modulates
effects of β-catenin/Multidrug Resistance

(MDR)/apoptosis/Epithelial to Mesenchymal
Transition (EMT) signaling pathways.

In vivo superior tumor growth inhibition and
low cytotoxicity on non-cancerous cells.

[132]

Enzyme-responsive Doxorubicin c-RGD
polytyrosine nanoparticles

Efficiently internalized by αvβ5 overexpressing
HCT-116 colorectal cancer cells and

highly cytotoxic.
Improve survival rate of tumor-bearing mice by
efficient tumor growth inhibition compared with

free DOX or DOX liposomal formulation.

[133]

Magnetic-responsive
Hybrid liposome-magnetic

nanoparticles loaded with Cy5.5 dye
and oxaliplatin

Magnetic field stimulation enhanced cytotoxicity
of nanoparticles in CC-531 adenocarcinoma cell
cultures and directed the selective delivery of

oxaliplatin at high concentrations in the
targeted tissue.

[134]

Ultrasound-responsive

Anti-β-catenin small interfering
RNA-loaded chitosan

hydrochloride/carboxymethyl
chitosan nanoparticle

Efficiently internalized by HT-29 tumor cells and
successfully suppress in vitro expression

of β-catenin.
[135]

Light-responsive Polythiophene nanoparticles

Exert no cytotoxicity on colon carcinoma CT-26
cells in the range of 25–250 µg/mL

concentration, while NIR laser-triggered
photothermal treatment in nanoparticle

pretreated CT-26 cell cultures triggers reduction
of cell viability and apoptosis.

[136]

4. Organic Nanosized Drug-Delivery Systems for CRC Therapy

As previously discussed, both conventional and targeted chemotherapies display toxic
side effects related to the unspecific mechanism of action, elevated blood levels, and high
toxicity. Targeting specific tumor cells without exposing the normal cells to the drugs might
be a promising strategy to scale down the administration dose. One of the landmarks in
this respect is the development of nanosized drug-delivery systems (Figure 3), which hold
great promise to enhance the therapeutic efficacy and safety profile of the conventional
agents. These nanoshuttles are designed to deliver antitumor agents at the tumor site either
by taking benefit from the tumor pathophysiology or by actively targeting the tumor cells.

The development of the nanosized drug-delivery systems holds great promise not
only for the decrease of conventional chemotherapeutics’ systemic toxicity and for en-
hancement of their bioavailability, but also for transporting novel therapeutics such as
genes or proteins. For a more modern approach, nanosized drug-delivery systems are also
used for the delivery of novel therapeutics, such as siRNA and peptides/proteins. siRNAs
and miRNAs, considered next-generation cell-pathway inhibitors, are novel approaches in
CRC management, targeting the aberrant alteration of certain specific gene expressions.
Currently, it is widely accepted that the accumulation of mutations may induce the overex-
pression of oncogenes with subsequent inactivation of tumor suppressor genes that trigger
functional alterations in proteins controlling cell division, apoptosis, the cell cycle, etc. [137].
Due to their chemical nature, siRNAs and microRNAs are susceptible to quick degradation
and poor intracellular uptake, and therefore can be encapsulated in nanoformulations
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such as polymers, micelles, nanovectors, liposomes, etc. For example, the encapsulation of
CXCR4-siRNA in dextran–spermine polymer micelles can reduce the expression of CXCR4
protein, decreasing the rate of liver metastasis in CRC [138], while the delivery of miR-20a
through chondroitin sulfate–sorbitan ester nanoparticles mediated restoration of normal
mir-20a levels with the impact of the expression of its protein targets [139].
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4.1. Lipid-Based Drug-Delivery Systems

Among lipid-based drug-delivery systems, liposomes are the most extensively used
and well-characterized drug carriers. First described in the mid-1960s [140], liposomes are
currently a promising tool for cancer nanomedicine, being the first nanosized drug-delivery
systems that have been successfully implemented for clinical use in breast, ovarian, or
pancreatic cancer therapy [141,142]. With a structure that mimics the native cell membrane,
liposomes are small spherical vesicles consisting of one or more concentric lipid bilayers
bounding an aqueous compartment. This unique structure sustains the development of
liposomal formulations as carriers for both hydrophilic and hydrophobic drugs [143] and
also enhances the cellular uptake process [144], liposomes being easily incorporated into
cells by absorption, phagocytosis, or fusion [145]. Moreover, liposomes show excellent
biocompatibility and biodegradability, and low immunogenicity [146]. These lipid-based
drug vehicles can be simply obtained based on cholesterol and natural phospholipids and
easily tailored in terms of size, composition, charge, and lamellarity. Different compositions
employed for liposome synthesis are presented in Table 2.

Several liposomal formulations of CRC traditional chemotherapeutic agents were
developed to improve the current treatment efficacy and reduce the severe side effects
associated with the administration of the free drugs. The majority of these liposomal
formulations are obtained by the thin layer film hydration method, which is the most com-
monly used protocol for liposome generation [151,152]. Additionally, different nanosizing
techniques are employed to modulate the liposome size, which further impacts liposome
clearance and accumulation in the tumor tissue: extrusion, ultrasonication, freeze–thaw
sonication, and homogenization [153].

A 5-FU liposomal formulation was prepared by the classic thin layer film hydration
method [140] to minimize the free-drug toxicity and increase its anticancer activity. Man-
soori et al. [118] prepared 5-FU loaded liposomes functionalized with HA to selectively
target CD44 overexpressing tumor cells and showed the superior potential of high CD44
HT-29 adenocarcinoma cells to internalize 5-FU HA liposomes as compared with low
CD44 HepG2 cells. Overall, the 5-FU HA liposomes presented good cytotoxicity against



Materials 2021, 14, 2440 9 of 23

colorectal cancer cells, triggered cell-cycle arrest in G0/G1 phases and tumor cell apoptosis,
and suppressed HT-29 colony-forming capacity, showing a superior in vitro antitumoral
potential as compared with 5-FU liposomes with non-functionalized surfaces. The same
colorectal cancer in vitro model was employed to reveal the cytotoxic and proapoptotic
effects of 5-FU loaded transferrin liposomes [100]. The 5-FU transferrin liposomes dis-
played low cytotoxic effects on fibroblasts cells and an enhanced potential in activating the
mitochondrial apoptosis signaling as compared with free 5-FU. A similar mechanism of
action was identified for folate-liposomal 5-FU in HeLa cells, while in HT-29 cell cultures
this liposomal formulation triggered cell necrosis and ROS overproduction [147]. The cyto-
toxic potential of the folate-liposomal 5-FU was superior for all screened tumor cell lines
in comparison with free 5-FU and 5-FU non-functionalized liposomes and was minimal
on normal cells, while in vivo experiments revealed an augmented decrease of the tumor
volume after exposure to 5-FU folate liposomes vs. free 5-FU.

Table 2. Examples of various lipid compositions employed for liposome synthesis. Cationic lipids: DOTAP (1,2-dioleoyl-
3-trimethylammoniun-propane); zwitterionic lipids: PC (phosphatidyl choline), DPPC (1,2-dihexadecanoyl-sn-glycero-
3-phosphocholine); neutral lipids: DOPE (1,2-dioleoylsn-glycerol-3 phosphoethanolamine), CHOL (cholesterol); anionic
lipids: DSPE (1, 2-distearoyl-sn-glycero-3-phosphoethanolamine-poly(ethylene glycol)).

Lipid Composition/Synthesis Method Drug Cargo Active Targeting Ref.

DOTAP:DOPE:DSPE-PEG2000/thin layer
film hydration method 5-FU HA for CD44 receptor targeting [118]

PC:CHOL:DSPE/thin layer
film hydration method 5-FU Transferrin for transferrin receptor

(TFR) targeting [100]

DPPC:CHOL:DSPE-PEG2000/thin layer
film hydration method 5-FU Folate for folate receptor (FR) targeting [147]

PC:DSPE-PEG2000/ethanol injection method rapamycin Not applicable (NA) [148]

PC-98T:DSPE-PEG2000:CHOL/thin layer
film hydration method SN38 HA [149]

PC:DSPE-PEG2000/thin layer film
hydration method OXP NA [150]

Chen and colleagues [148] designed another strategy for improving 5-FU treatment
efficacy in CRC by developing, through the ethanol injection method, rapamycin loaded
liposomes that can be administrated either alone due to the anticancer activity [154,155]
of rapamycin or assist the free 5-FU treatment to potentate its cytotoxic activity. The
obtained results showed that the cellular uptake, cytotoxic, and apoptotic potential were
enhanced following liposomal encapsulation of free rapamycin. Combining the liposomal
rapamycin with free 5-FU triggered a synergistic antitumor effect via the Akt/mTOR and
P53 pathways.

For IRI delivery, several liposomal formulations have been developed and exhibited
superior anticancer potential when compared with the free drug, and many of these formu-
lations encapsulate directly IRI’s active metabolite SN-38 [132,149,156–159]. For example,
Xing et al. [149] developed, by the ethanol injection method, stable liposomal carriers of
moeixitecan, a lipophilic SN38 prodrug. Their outcomes depicted a superior cytotoxic
activity and a significantly increased proapoptotic potential than free IRI and moeixite-
can in HT-29 tumor cell cultures. In vivo results sustained the antitumoral potential of
the liposomal moeixitecan that severely reduced tumor size in treated HT-29 colorectal
xenograft models, while showing low toxicity on healthy tissues or blood components
when compared with free IRI or moeixitecan administration. For OXP delivery, simple and
PEGylated biomimetic magnetoliposomes were prepared by entrapping OXP biomimetic
into liposomes. These formulations were hemocompatible and exhibited greater toxicity
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than OXP, with superior biocompatibility and cellular uptake exhibited by PEGylated
nanosystems [150].

The observation that liposomes are unstable and exhibit leakage of encapsulated
drugs led scientists to focus on another class of liposome-based drug-delivery systems,
namely solid lipid nanoparticles, which are colloidal lipid particles with a solid lipid
core at physiological temperature, with superior properties for stable drug entrapment
and controlled release due to the solid-state of the lipid capsule. These nanoparticles
show better physical stability than liposomes and no biotoxicity and can be employed
for hydrophobic or poor-water soluble drug delivery [160]. These lipoformulations are
fabricated by dispersing, in an aqueous solution containing surfactants, lipids that are solid
at physiological temperature. Solid lipid nanoparticles show good biocompatibility, low
toxicity, and ease of scale-up, but present a limited drug-loading capacity modulated by
the solubility of the loaded drug in the lipid melt [161]. Therefore, a modified version of
these nanosystems was generated by accommodating both solid and liquid lipids in the
synthesis process, generating nanostructured lipid carriers that show an increased capacity
for loading active pharmaceuticals than do classic simple lipid solid nanoparticles [162].
Smith et al. developed different 5-FU PEGylated solid lipid nanoparticles formulations
that varied in lipid and surfactants composition and selected the most suitable formulation,
based on HCT-116 tumor cell cytotoxic activity and efficiency of drug entrapment. The
selected 5-FU PEGylated solid lipid nanoparticles show promising in vitro effects on HCT-
116 cells and prolong plasma circulation of 5-FU. This 5-FU nanosystem triggered tumor
growth suppression in tumor-bearing mice, with superior efficiency, compared to free 5-FU,
by modulation of HER-2 expression, and further protected liver and kidney from 5-FU
damage [163].

4.2. Polymer-Based Drug-Delivery Systems

Based on the high diversity of polymers available for drug-delivery system develop-
ment, numerous polymeric nanoparticles have been developed for cancer applications. The
most common strategies for polymeric nanoparticle preparation are monomer polymeriza-
tion and dispersion of preformed polymers [164], and a vast variety of natural and synthetic
polymers or blends are available for nanoparticle synthesis. The polymer choice can impact
the final proprieties of the developed nanocarriers and their biological performance. More,
based on the materials employed in the synthesis protocol, polymeric nanocapsules, or
nanospheres can be assembled, particles that vary in morphology, architecture, and drug
loading strategies [165,166]. Nanospheres are constituted exclusively from polymers that
form a solid spherical mass. In contrast, nanocapsules present a core–shell structure that
implies the existence of a liquid/solid inner core surrounded by a polymeric membrane.
In these polymeric nanoparticles, drugs can be entrapped, dispersed, dissolved within,
or surface absorbed [167], but based on a superior capacity drug loading and enhanced
protection of the drug payload, nanocapsules are preferred for drug-delivery applications
rather than nanospheres. For nanocapsules, the core nature impacts the drug that can
be entrapped and can be adjusted to fit the drug solubility. Therefore, nanocapsules can
present an oily core or aqueous core to accommodate lipophilic or hydrophilic drugs,
respectively [168,169]. The existence of a core within the nanocapsules is not mandatory,
and hollow nanocapsules are being obtained using a solid spheric cast that can be removed
by mild conditions after the polymeric shell is formed [170].

Regarding the polymer choice, polymeric nanoparticles can be obtained based on
unique natural or synthetic polymers or from combinations. Due to their natural nature,
polymers such as chitosan, collagen, gelatin, and silk fibroin present inherited appealing
proprieties for nanoparticle synthesis, such as biodegradability, excellent biocompatibil-
ity, and ease of chemical modifications, and represent a more inexpensive choice for
nanoparticle development [171]. Synthetic polymers such as poly(ethylene glycol) (PEG),
poly(ε-caprolactone) (PCL), poly(glycolic acid) (PGA), poly(lactic acid) (PLA), poly(lactic-
co-glycolic acid) (PLGA), or poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) are
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common choices for nanoparticle synthesis, but unlimited options are available [172]. Syn-
thetic polymers can be easily tuned to exhibit desirable properties showing low toxicity,
biocompatibility, and good drug encapsulation efficiency [173,174]. For example, poly
(N-vinyl-2-pyrroildone) (PVP) is one of the promising polymers for use in colorectal cancer
therapy [175]. On the one hand, the introduction of hydrophobic end groups allows the
formation of aggregates of amphiphilic PVP chains capable of incorporating pharmaco-
logically active substances, as well as selectively delivering them to the cell nucleus [176]
without hydrolytic destruction in lysosomes. This opens up the potential for the deliv-
ery of labile oligonucleotides to cancer cells. On the other hand, PVP can be used to
stabilize and functionalize metal nanoparticles. For example, PVP-functionalized palla-
dium nanoparticles containing incorporated quercetin have shown significant inhibition of
HCT-15 colorectal cancer cell proliferation [177].

PHBV/PLGA nanoparticles for 5-FU delivery were prepared by the double emulsion
method. The obtained 5-FU polymeric drug-delivery platforms showed no hemolytic
activity, as well as superior cytotoxicity and tumor growth inhibition effect compared
to 5-FU [147]. PHBHV was also used as a single polymer for nanoparticle preparation,
which showed excellent biocompatibility in its pristine form, but impacted HT-29 colorectal
tumor cell metabolic status when loaded with 5-FU, presenting an intensified cytotoxic
activity compared to free 5-FU [178]. Codelivery of 5-FU and OXP through PHBHV/PLGA
nanocarriers augmented the cytotoxic and proapoptotic potential of free drugs and showed
a promising tumor growth inhibition effect after administration in xenograft mouse cancer
models [179].

Wu et al. [180] designed a complex multifunctional nanocarrier for delivery of both
5-FU and radionuclide iodine-131 (131I) by using a PEGylated PLA nanocarrier decorated
with cetuximab (Cet-PEG-PLA-5-FU-131I). Using the solvent evaporation method, small sta-
ble spherical particles were generated that showed good entrapment of the 5-FU, which was
preferentially released in acidic conditions. More, cetuximab functionalization triggers an
enhancement of the cellular uptake of Cet-PEG-PLA-5-FU-131I by tumor cells in vitro and
in vivo, where the Cet-PEG-PLA-5-FU-131I exhibited a superior antitumor effect compared
with monotherapy. In another study, this research group targeted EGFR-overexpression of
colorectal tumor cells by functionalizing PLGA nanocarriers with epidermal growth factor
(EGF), followed by co-loading of 5-FU and perfluorocarbon (EGF-PLGA-5-FU-PFC). The
use of perfluorocarbon as an artificial oxygen carrier to improve tumor oxygenation could
act synergistically with 5-FU delivery, enhancing its cytotoxic effects. Indeed, perfluorocar-
bon presented an additive antitumor effect for 5-FU, as the most drastic in vivo antitumor
effect was observed in the case of EGF-PLGA-5-FU-PFC administration [181].

Alginate was employed for assembly by the cross-linking process of HA-coated
alginate nanogels functionalized with folic acid as encapsulation nanosystems of OXP
(F/HA/AL/OXP). These systems inhibited HT-29 tumor cell viability in a time-dependent
manner, based on the controlled release in time of OXP, with an enhanced cytotoxic effect
as compared with free-OXP. The nanogels promoted apoptosis in HT-29 cell cultures
better than free-OXP by modulating the expression of apoptosis key players Bax and
Bcl-2 [182]. A hybrid polymer–silica nanosystem for OXP delivery was synthesized by
Yang and colleagues [183] for the codelivery of tumor suppressor miRNA-204-5P and OXP
through biocompatible HA-enriched PEI-mesoporous silica nanoparticles (Oxmi-HMSN).
Following administration of Oxmi-HMSN, a synergistic anticancer effect was observed,
the system showing promising efficiency in inducing cytotoxicity and apoptosis and in the
diminution of tumor volume.

For IRI delivery, SN38 was conjugated with linoleic acid and encapsulated in poly
(ethylene oxide)-poly (butylene oxide) (PEO-PBO) nanocarriers, which proved good stabil-
ity and a controlled continuous release of the drug when compared with self-assembled
linoleic acid-SN38 nanoparticles (SNPs). In vitro uptake studies revealed that the polymeric
nanoshuttles are better internalized by HCT-116 colorectal tumor cells than SNPs, with an
opposite uptake yield in case of macrophage treatment, which showed that the polymeric
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carrier could favor tumor cell uptake while reducing the risk for nanoparticle phagocytosis.
Adding the increased stability in blood and enhanced tumor-targeting ability revealed by
in vivo, it is clear that the PEO-PBO could ensure an increased concentration of SN38 at
the tumor site than can be achieved by free-SN38 or SNP administration [184]. Salman-
pour et al. [185] prepared poly(2-ethyl-2-oxazoline)-b-poly (L-glutamic acid) (PEtOx-b-
PGlu) nanoparticles as carriers for SN38, chemically conjugated by carbodiimide mediated
esterification. Grafting SN38 on these polymeric nanocarriers significantly increased SN38
cytotoxicity and determined an increased life span of murine CT26 models in comparison
with free-IRI.

Another class of polymeric nanoparticles is dendrimers, which present a unique radial
architecture that consists of branches of polymers that originate from a central core, forming
a tree-like structure [186]. Due to the highly branched organization, dendrimers can be
easily functionalized on their outer surface to increase their biocompatibility or for active
targeting purposes. For example, a combined strategy was used by Alibolandi et al. [187]
that developed PEGylated poly(amidoamine) (PAMAM) dendrimers as carriers for camp-
tothecin, which were further functionalized with AS1411 anti-nucleolin aptamers for
achieving active-targeting nanosystems for CRC. The in vitro cytotoxicity results revealed
that AS1411 functionalization can improve cellular uptake of the camptothecin nanocarrier
as impacted severely on HT-29 and C26 colorectal tumor cell viability, which overexpress
nucleolin receptors. More, to improve biocompatibility in blood, PEGylation has proven
to be a smart strategy for avoiding hemolysis, which was significantly increased after ad-
ministration of non-PEGylated dendrimers. In vivo results revealed that the PEG AS1411
PAMAM dendrimers loaded with camptothecin improved the free-drug pharmacokinetics
and showed an enhanced effect for inhibiting C26 tumor growth, while protecting healthy
tissue from alterations.

4.3. Hybrid Drug-Delivery Systems

As mentioned above, both lipid-based and polymer-based nanocarriers present their
advantages and disadvantages. Based on the strengths of each nanosystem, lipid–polymer
nanoparticles (LPNs) have emerged as hybrid drug-delivery systems that combine the
two classes of materials into a hybrid nanocarrier with superior physicochemical and
biological proprieties. By structure, LPNs are core–shell nanoparticles consisting of a
polymeric core, where the drug cargo is encapsulated, protected by a lipid shell, covered
by an optional hydrophilic polymeric stealth layer [188,189]. In this dual architecture, the
high structural stability and controlled release of encapsulated drugs specific to polymeric
nanoparticles are combined with the excellent biocompatibility of liposomes to design
and develop next-generation core–shell nanoparticles. These LPNs show enhanced drug
encapsulation efficiency and better control over the drug release profile, features that can
be attributed to the protective lipid monolayer that seals the drug cargo into the polymeric
core to avoid leakage [190,191]. For example, Wang et al. [121] successfully synthetized,
by the solvent-evaporation method, HA-functionalized LPNs for codelivery of plasmid
DNA and IRI, which showed good stability and enhanced cytotoxic effects on SW480 cells
overexpressing CD44. More, in vivo results revealed that when loaded with plasmid DNA
and IRI, HA-LPNs show an increased antitumor and transfection efficiency compared to
non-functionalized LPNs, highlighting the remarkable potential of the HA-LPNs to act as
targeted nanosystems for drug and gene combination therapy.

5. Challenges in Drug-Delivery Systems Research

As highlighted in the previous section, numerous nanosized drug-delivery systems
have been developed as drug carriers for CRC therapy, but most of the existing research
is limited in presenting nanoparticle synthesis, characterization, and in vitro screening of
antitumor performance. Despite obtaining promising results, the use of 2D colorectal tumor
cell lines for drug-delivery system efficacy and mechanism of action investigation presents
several disadvantages that highlight the need for better cancer models. For example, ad-
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herent epithelial tumor cells are grown as monolayers before treatment, an experimental
setup that fails to mimic the complex 3D architecture of human solid tumors. As a result,
all tumor cells are exposed to the provided treatment and receive oxygen and unlimited
nutrients, aspects that fail to depict real tumor hallmarks such as an altered pattern of
oxygen and nutrients delivery and the numerous biological barriers for nanoparticles to
reach the tumor’s inner core [192]. More, the 2D cell cultures lack a tumor microenviron-
ment and interactions with surrounding cells and the extracellular matrix, aspects that
impact cell proliferative status, gene and protein expression, and responsiveness to applied
treatments [193,194].

With the understanding of limitations imposed by traditional cell cultures and the
need for a third dimension to recapitulate different features of epithelial tumors such as
complex architecture and the gradient distribution of nutrients and treatments, researchers
are starting to employ 3D tumor models for drug-delivery system screening. For this
purpose, a popular choice is 3D tumor spheroids, which hold great promise in bridging the
gap between in vitro and in vivo research by delivering biologically-relevant data about
the screened nanosystems [195]. Besides for 3D tumor spheroids that can be generated by
hanging drop, liquid overlay, spinner flasks, and microfluidic-based assembly, scaffold-
based 3D cancer models are also available and require mechanical support that favors
and sustains tumor cell organization into 3D structures [196]. Due to the 3D nature of
spheroids, these cell culture models mimic several characteristics of real tumors that
could be useful for a better and more realistic characterization of drug-delivery antitumor
potential. First, despite the lack of vasculature and interaction with other cell types, 3D
tumor spheroid architecture consists of multilayers of tumor cells organized in spherical
compact aggregates. Therefore, the outer layers are represented by active proliferating
cells, while the inner layers are represented by quiescent or senescent tumor cells [197].
Moreover, due to the gradient of oxygen and nutrients through the multicellular layers,
3D tumor spheroid hypoxia and enhanced lactate production affect the inner core of
spheroids, aspects that lead to a decrease of pH, particulars that characterize human solid
tumors [198]. Another strength of 3D tumor spheroids for drug-delivery system screening
is the production of extracellular matrix that creates a physical barrier that limits the
uniform distribution of drug-loaded nanoparticles within the 3D tumor cell mass [199,200].
The structure of 3D tumor spheroids is summarized in Figure 4.
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Based on the presented advantages, 3D tumor cell spheroids can be used for drug-
delivery screening, and several nanosized systems for CRC have been tested in 3D models.
For example, using ultra-low attachment culture plates, Smith et al. [201] generated 3D
tumor spheroids by HCT116 colorectal adenocarcinoma cells for the screening of 5-FU
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loaded chitosan nanoparticle (5-FU CS NP) effects. The results highlighted the differences
in response to 5-FU CS NP treatment between 2D and 3D cell cultures, where the same dose
of 5-FU loaded CS NPs triggered a different effect on cell viability for HCT116 spheroids
than HCT116 monolayers. An interesting study was carried out by Tchoryk et al. [202] who
used the same cell line and generation method for obtaining 3D study models to investigate
the impact of variation doxorubicin PGA nanoparticle physicochemical properties and
compositions on nanoparticle penetration and uptake. Their results showed that size,
PEGylation, and surface charge impact a nanocarrier’s potential for penetrating the 3D
HCT116 spheroids. As 3D spheroids could be generated based on multiple cellular types,
human intestinal fibroblasts and monocytes were combined with HCT116 tumor cells to
generate a triple co-culture spheroid used for nanocarrier antitumor effect screening, which
showed a lower yield in internalizing the studied nanoparticles than 2D monolayers [203].

However, despite the clear advantages of 3D cell cultures over 2D cell cultures, tumor
cell monolayers still stand as the backbone of in vitro drug-delivery screening due to low
costs and high reproducibility, as well as due to the perfect fit with the available laboratory
techniques and methodologies, which need serious optimization to be adjusted for 3D
cell models. At the current stage, 3D models are not capable of replacing animal testing,
which can offer valuable information regarding nanoparticle tumor affinity, biodistribution,
and excretion. As preclinical models, animal models still stand as the golden standard
for assessing novel drugs or drug-delivery system effects, despite ethical issues and clear
biological differences with humans [204,205]. However, the enhancement of 3D cancer
cell models use for in vitro drug-delivery screening could represent an intermediary stage
between 2D models and could diminish the overuse of animals for the screening of ineffec-
tive drug-delivery systems. The lack of an appropriate cancer model for in vitro studies, as
well as the poor transition of satisfactory results from the preclinical stage to clinical trials,
impact the difficulty that face drug-delivery systems to be approved by the Food and Drug
Administration (FDA) and on the increasing number of unsuccessful clinical trials. Despite
there are currently several clinical trials in advanced phases with drug-delivery systems
developed for CRC [206], no nanosized systems have been approved until now by the FDA
for CRC management.

6. Conclusions and Future Outlook

This review aimed to cover the most recent advancements in organic nanosized drug-
delivery systems for improving the efficacy and safety of current chemotherapy available
for CRC, focusing on delivery systems designed for 5-FU, OXP, and IRI delivery. As an ideal
drug-delivery system should be designed based on tumor biology and microenvironment-
particular features, while considering the possible obstacle encountered until reaching the
tumor site, it is no wonder that the latest developed nanoparticles are designed on an active
targeting basis rather than classical drug-delivery systems, which have the advantage
of the EPR effect to accumulate in tumors. For improving tumor selectivity, different
singular or multiple approaches are employed for developing smart nanocarriers, with
minimal biotoxicity for healthy cells, and with superior antitumor effects for malignant
ones, by using nanoparticle surface functionalization or stimuli-responsive nanocarriers,
as presented above. Since the chemotherapeutic agents administrated in CRC therapy
are broad-spectrum anticancer agents used in the treatment of multiple malignancies,
the organic nanosized drug-delivery systems could be screened for other types of cancer
therapy. For example, 5-FU is a multifunctional anticancer agent administrated as therapy
for multiple types of solid cancers such as breast cancer, gastric cancer, esophageal cancer,
pancreatic cancer, glioblastoma, or melanoma [207]. Therefore, 5-FU loaded nanoparticles
synthetized for CRC applications could be versatile and screened for various types of cancer
applications. However, the synthesized parameters and formulation should be adjusted
in dependence on the administration route (oral, intravenous, topical) and the biological
barriers encountered after administration (skin barrier, blood–brain barrier, gastrointestinal
tract, etc.) [208,209].
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The main disadvantage to bridge the gap between preclinical research and clinics is
the lack of appropriate cancer models for in vitro biological investigations. This issue slows
the transition of the nanoparticles in clinics as a powerful tool for improving the current
therapy available for CRC. In this view, approaching 3D strategies for developing in vitro
colorectal cancer models could improve the odds for success for drug-delivery systems in
clinical trials, while reducing animal use.
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