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Abstract: Despite all major advancements in drug discovery and development in the pharmaceutical industry, cancer is still one of the
most arduous challenges for the scientific community. The implications of nanotechnology have certainly resolved major issues related
to conventional anticancer modalities; however, the undesired recognition of nanoparticles (NPs) by the mononuclear phagocyte
system (MPS), their poor stability in biological fluids, premature release of payload, and low biocompatibility have restricted their
clinical translation. In recent decades, chitosan (CS)-based nanodelivery systems (eg, polymeric NPs, micelles, liposomes, dendrimers,
conjugates, solid lipid nanoparticles, etc.) have attained promising recognition from researchers for improving the pharmacokinetics
and pharmacodynamics of chemotherapeutics. However, the specialty of this review is to mainly focus on and critically discuss the
targeting potential of various CS-based NPs for treatment of different types of cancer. Based on their delivery mechanisms, we
classified CS-based NPs into stimuli-responsive, passive, or active targeting nanosystems. Moreover, various functionalization
strategies (eg, grafting with polyethylene glycol (PEG), hydrophobic substitution, tethering of stimuli-responsive linkers, and
conjugation of targeting ligands) adapted to the architecture of CS-NPs for target-specific delivery of chemotherapeutics have also
been considered. Nevertheless, CS-NPs based therapeutics hold great promise for improving therapeutic outcomes while mitigating the
off-target effects of chemotherapeutics, a long-term safety profile and clinical testing in humans are warranted for their successful
clinical translation.
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Cancer: Background, Prevalence, Signs, and Symptoms
The cells grow and divide physiologically, and the deteriorated aged cells undergo apoptosis and replacement by newly
generated cells. However, there are instances when an error occurs in the cell regeneration cycle and newly generated
cells grow abnormally in an uncontrollable manner, thus leading to tumor formation. These tumors are either benign or
malignant. Malignant tumors can metastasize to other tissues of the body, while benign tumors cannot; thus, the naming
convention. Although benign tumors can grow large and may cause serious symptoms, they do not typically grow after
removal unlike the malignant tumors.'~

According to the World Health Organization (WHO), cancer accounts for 244.6 million disability-adjusted life years
(DALYs) with men and women being almost equally affected at a ratio of 1.37:1.07. For the sake of comparison, the
ischemic heart disease and stroke follow closely behind with 203.7 million DALYs and 137.9 million DALYs,
respectively.’ Digging deeper in the statistics of the disease, it has been observed that cancer is slightly more prominent
in men than women and the majority of DALY are found in individuals over the age of 60, which concludes almost
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124 million out the 244.6 million DALYs. Notably, the most prevalent types of cancer diagnosed at age 14 years and
below include lymphomas, brain cancer, and leukemia, with a prevalence of approximately 13%, 16%, and 37%,
respectively.* In contrast, the most prevalent types of cancer in middle-aged patients (15-49 years) include lung, liver,
and breast cancers, accounting for approximately 9%, 12%, and 13%, respectively. However, at the ages of 50 to 59
years, the scenario is opposite to that of the previous age group, accounting for approximately 18% lung, 11% liver, and
9% breast cancers, respectively. Finally, at the age of 60 years and above, lung cancer remains the most prevalent type of
cancer, accounting for approximately 21% of all cancer types, followed by colorectal, stomach, and liver cancers, each
accounting for approximately 9%.>*

It is usually not possible to know exactly why one person develops cancer and another does not. But research has
shown that certain risk factors such as alcohol consumption, smoking, unhealthy diet, obesity, sedentary lifestyle,
excessive sun exposure, exposure to radiations, inhalation or ingestion of carcinogen, age, hormonal dysregulation,
immunosuppression, and family history of cancer may increase a person’s chances of developing cancer. These factors
may provoke transformation of normal/healthy cells into tumor cells, which is a multi-stage process that generally
progresses from a pre-cancerous lesion to a malignant tumor.

Although these symptoms may overlap with those of other conditions, several signs and symptoms may indicate
cancer. Some of these include fatigue, which is not mitigated by others. Unexplained weight loss or weight gain >10
pounds or further, eating and swallowing difficulties, nausea, vomiting, development of lumps, consistent unresolving
pain, abnormalities in the skin (eg, scaly or bleeding lumps), development of moles or changes in the existing moles,
unhealing sores, and jaundice are among the typical signs and symptoms of cancer. Other symptoms may include
persistent cough or hoarseness, spontaneous bleeding, change in stool texture (or runny stool or constipation), change in
stool color, painful or bloody urination, sleep hyperhidrosis, visual impairment, mouth sores, and numbness and pain in
a specific body area.’

Owing to its complex heterogeneity, patients experiencing specific or generalized symptoms undergo a series of
diagnostic tests, including magnetic resonance imaging (MRI), computed tomography (CT) scan, positron emission
tomography (PET) scan, ultrasound, X-rays, or tissue biopsies, depending on the type, nature, and location of the tumor
or cancer. After successful diagnosis, a team of healthcare professionals consult and prescribe the most suitable therapy
for cancer patients. Monotherapy is recommended in some cases, but adjuvant therapy is advisable in most cases. The
most commonly used conventional treatments for cancer include chemotherapy, surgery, radiotherapy, immunotherapy,
personalized medicine, hormonal therapy, and bone marrow transplantation (Figure 1).

Conventional Cancer Treatments and Limitations

Chemotherapy and Limitations

Chemotherapy, which is the optimal option for cancer treatment, is a potent drug that targets and kills rapidly dividing
cells in the body. Numerous chemotherapeutic drugs are available and can be used alone or in combination to treat
various types of cancer. In some cases, chemotherapy may be used as a primary treatment with the aim of eliminating the
cancer and preventing its recurrence, which is known as “curative chemotherapy”. However, it may be used as either
neoadjuvant or adjuvant chemotherapy, by using it prior or post to other treatment options such as surgery. In other
situations where even the cancer cannot be cured, chemotherapy may still be used to slow disease progression, provide
symptomatic relief, and enhance quality of life. This is called ”palliative chemotherapy, ” which aims to partially shrink
tumors, prevent tumor growth, and extend survival for varying durations. Therefore, chemotherapy is a powerful
treatment option for cancer that can be used with different goals, including curative, neoadjuvant, adjuvant, and palliative
purposes, depending on cancer type and stage. However, it is important to consider the potential side effects and carefully
weigh the benefits and risks in consultation with a team of qualified healthcare professional.’

Chemotherapy, as a treatment option for cancer, has several advantages and disadvantages. On the positive side,
chemotherapy can shrink the tumor size or slow its growth, which may help the patient live longer and alleviate
symptoms. In some cases, chemotherapy may even shrink the cancer sufficiently to enable the surgical procedure to be
more effective in removing borderline resectable cancers. Adjuvant chemotherapy lowers the incidence of cancer

8374 e International Journal of Nanomedicine 2024:19
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Al-Shadidi et al

Cancer Care: Diagnosis and Treatment

0000,

Appearance Diagnosis Treatment Therapy
of symptoms choice cycles

Disease
progression

Associated healthcare professionals:

o Nurse
* Nurse * Nurse

¢ Nurse ¢ Oncologist Occsloat : ¢ Nurse

. . . gist ¢ Oncologist .
Doctor . S:g;gllggiisstt * Surgeon « Radiologist Doctor

Hormonal Immunotherapy
therapy Types of
Cancer
Treatment ,

Radiotherapy

Bone
marrow
transplant

Personalized
therapy

Chemotherapy

Figure | Cancer care and types of conventional treatments. Created with BioRender.com.

recurrence in patients who have been successfully treated. Furthermore, patients may have more regular checkups, tests,
and contact with their oncologists when undergoing chemotherapy, which some people find reassuring.

While chemotherapy effectively combats various types of cancer, it also carries a wide range of unwanted adverse
events that affect a patient’s quality of life and, in some cases, even life-threatening conditions that limit patient
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acceptability.® The most common side effects of chemotherapy are bleeding, infections, and hair loss. It can also affect
appetite, influence bowel movement behavior, cause nausea and emesis, and cause multiple oral cavity discomforts
including ulcers and pharyngitis. Additionally, chemotherapy can affect the nervous system, causing discomfort and
tingling sensations, parched skin, discoloration, and deterioration of nail structure. Other undesired adverse events
include fluctuations in body weight, mood swings, and weakening of sexual activity and desires. Frequent hospital visits
for multiple treatment cycles and regular check-ups and tests also make it difficult and inconvenient for some patients.>
A summary of the different classes, mechanisms of action, dosage, type of cancer against which they are most active, and

their potential side effects is presented in Table 1.

Surgery and Limitations

Surgery is also a frequently used approach to treat various types of cancer, especially localized solid tumors. Being
classified as a local treatment, it focuses only on the area of the body affected by cancer and is generally not used to treat
metastatic cancers or leukemia, a form of blood cancer. Although surgery may be sufficient as a standalone treatment in
some scenarios, it is often supplemented with other cancer treatments such as chemotherapy or radiotherapy. There are

Table 1 Mechanism of Action, Examples, Dosages, and Side Effects of Different Classes of Chemotherapy for Treatment of Different

Types of Cancers

Chemotherapy Mechanism of Action Examples of Dosage Types of Cancer Most Common
Agent Drugs Side Effects
Alkylating agents Act directly on DNA, resulting in Cyclophosphamide, | |. 40-50 mg/kg IV in divided doses | Lung, breast, leukemia, Bone marrow
crosslinking and induces DNA strand Carmustine, over 2-5 days to start. Hodgkin lymphoma, and | suppression and
breakage, leading to distortion of Chlorambucil 2. 150-200 mg/m? non-Hodgkin lymphoma. | damage to
normal base pairs and disruption of cell IV each 6 to 8 weeks. gastrointestinal
division, ultimately resulting in cell death 3. 0.1-0.2 mg/kg PO on daily basis tract.
for 3 to 6 weeks.
Antimetabolites Induce depletion in nucleotides resulting | 5-fluorouracil I. Loading dose: 300-500 mg/m? or | Pancreatic, lung, breast, Nausea, vomiting,
in inhibition of DNA replication (5-FU), 12 mg/kg IV daily for 3-5 days ovarian, and colorectal tiredness, headache,
Capecitabine, 2. 1250 mg/m2 twice a day orally to cancers dizziness, hair loss,
Gemcitabine be consumed with food rash, diarrhea and/
3. 1000 mg/m* administrated every or constipation
week for up to 7 weeks over
a duration of 30 min.

Anti-tumor Specifically inhibit topoisomerase II. Bleomycin, I. 10-20 U/m? given IV, IM, or SC | Leukemia, lymphoma, Tingling, nausea,

antibiotics They mainly bind to DNA through Dactinomycin weekly or twice weekly soft tissue sarcoma, vomiting, nerve
intercalation and cause obstruction in 2. 00100015 mgkg IV for osteosarcoma, breast, pain, abdominal
DNA and RNA a duration of 3 weeks on daily bladder, ovarian, and pain, diarrhea, fever,

basis 5 times per week. lung cancers. hair loss, and skin
rashes.

Topoisomerase Inhibit cell proliferation by preventing Topotecan, I. 1.5 mg/m? IV over 30 min for Leukemia, lung, ovarian, Fatigue, diarrhea,

inhibitors DNA replication, stimulating DNA Irinotecan 5 consecutive days at 2|-day and gastrointestinal hair loss, anemia,
damage and inducing cell cycle arrest intervals cancers and increased risk

2. 125 mg/m? IV one time per week of infection
for 4 weeks over 90 minutes drip.

Mitotic inhibitors Interfere with the assembly and Docetaxel, I. 60-100 mg/m2 IV over Breast, non—small-cell Bone marrow
disassembly of tubulin into microtubule Paclitaxel | hour every 21 days lung, prostate, ovarian, depression, nausea,
polymers. 2. 135-175 mg/m? by IV infusion pancreatic, head and vomiting, mucositis,

neck, esophagus, and diarrhea
cervical, stomach, and
bladder cancers

Plant alkaloids Target cells undergo cell arrest and Doxorubicin, I. 60-90 mg/mZ single IV injection Breast, ovarian, bladder, Diarrhea, nausea,
apoptosis due to inhibition of tubulin Mitomycin 2. 20 mg/m? each 6 to Hodgkin lymphoma and anemia,
polymerization and interference with 8 weeks through IV non-Hodgkin lymphoma, | neutropenia, and
the dynamic behavior of microtubules. non-small cell lung thrombocytopenia

cancer, gastric,
colorectal, and anal
cancers

https:

8376

Dove!

International Journal of Nanomedicine 2024:19



https://www.dovepress.com
https://www.dovepress.com

Dove Al-Shadidi et al

many surgical techniques, each adapted to the purpose of the intervention, the anatomical site requiring attention, the
extent of tissue removal, and patient preference. Surgery can be classified as open or minimally invasive.’

In open surgery, a large incision is made to remove the tumor as well as some surrounding healthy tissue and possibly
nearby lymph nodes. In contrast, minimally invasive methods involve making several small incisions, instead of only one
large incision. A thin tube equipped with a miniature camera, known as laparoscope, was inserted through a small
incision. The camera transmits internal images to the monitor, allowing the surgeon to observe the procedure. Specialized
surgical tools are then inserted through other small incisions to surgically remove the tumor and nearby healthy tissues.
Compared with open surgery, less invasive surgical procedures are preferred for many patients because they require
smaller incisions and a shorter recovery time. Overall, surgical interventions for cancer removal depend on the individual
case and patient preferences, and it is vital for oncologists to present all possible options to the patient.’

Surgery is a crucial treatment method that offers several benefits to patients. First, resection of solid tumors lowers the
mass effect, thereby leading to an immediate reduction in cancer-related symptoms. Second, surgery can resect cancerous
tissues, which lowers the risk of metastasis. Third, surgery can be used to resect tumors from areas where radiation
cannot be applied, such as brain cancer. In addition, surgery has the potential to completely resect cancer cells in
a confined region, which may result in a complete cure. Furthermore, surgery allows for the examination of cancerous
tissue, which can facilitate a confirmatory treatment approach by analyzing the extracted tissue response to treatment
types. Finally, surgery is convenient as a one-time intervention that opposes adherence to the treatment course. Surgical
intervention is an essential tool in the fight against cancer and can provide significant benefits to patients.”*

In addition, surgery has certain disadvantages. First, surgical intervention may not completely resect all cancer cells
and tissues, resulting in cancer recurrence. Second, not all patients with cancer are fit to undergo surgical procedures
because of other medical complications or conditions. Moreover, during surgical intervention, surgeons may need to
excise other body tissues or bones to gain access to the localized tumors. Another serious disadvantage is post-surgical
complications such as infection. Lastly, surgical intervention is not a valid option for metastatic cancer and, therefore,
cannot be considered for all types of cancers. Despite these potential drawbacks, surgical intervention still plays a major
role in cancer treatment and can be utilized when its benefits outweigh its potential risks.”®

Radiotherapy and Limitations

Radiotherapy (RT) is considered as one of an effective cancer treatment that involves the application of beams of intense
energy radiation (eg, X-rays) to kill cancerous cells by damaging their genetic material, thereby diminishing their ability
to grow and divide. It is also worth mentioning that as a non-selective method, RT may damage the surrounding healthy
cells/tissues along with the cancer cells; therefore, it is mainly utilized for specific tumors or cancers in a specific part of
the body.’

There are two major forms of RT: 1) External Beam Radiotherapy (EBRT) and 2) internal radiotherapy (IRT), with
EBRT being the most common type.” EBRT works by directing a high-intensity beam of X-rays, protons, or electron rays
through line accelerators towards the target tumor with the highest precision to avoid damage to healthy tissues.” On the
other hand, IRT (also known as brachytherapy) involves administration of radio-active material within the cancer tissue
or neighboring tissues. This can be done by using either temporary or permanent implants, depending upon the specific
needs of the patient, and may require hospitalization. Like other cancer treatments, RT is also associated with several
disadvantages, such as damage to neighboring healthy cells/tissues and inability to completely eradicate microaggregates
of tumor cells, which can cause cancer reoccurrences as well as their inability to be used against metastatic cancers.”

Hormonal Therapy and Limitations

Hormonal therapy (HT), also known as endocrine therapy, can slow or stop the progression of cancer or block the release
or action of hormones used as growth agents by cancer cells.'® HT locates and targets specific hormones throughout the
body through multiple mechanisms of action. It either hinders hormone production, prevents hormone adherence to
cancer cells, or deactivates the hormone, ultimately suppressing the progression of various cancers (eg, breast, prostate,
and thyroid cancers).'" A summary of the roles of hormones in different types of cancers is presented in Table 2.
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Table 2 Oncogenic Function of Hormones in the Progression of Different Types of Cancer

Type of Cancer Oncogenic Function of Hormones

Breast Growth of breast cancer depends on estrogen and/or progesterone. It is well-known that recurrence of breast cancer and
cancer-related mortalities are significantly reduced when hormone receptor-positive tumors are blocked. These tumors can
be identified due to heaving expressed receptors with which these hormones bind and induce growth and progression.

Prostate Most prostate cancers are caused by hormones called androgens. Testosterone is the most common androgen. A decrease in

androgen levels can have a beneficial effect in slowing the growth of prostate cancer.

Thyroid Patients who are treated with surgery for thyroid cancer usually require thyroid hormone therapy (eg, levothyroxine).
Additionally, HT may slow down the progression of remaining cancer cells as well as to replenish normal hormone levels

needed by the body for normal functioning of thyroid.

Immunotherapy and Limitations
Immunotherapy (IT) utilizes the body’s ability to identify and destroy foreign materials through several mechanisms. In
this section, we discuss some of the different immunotherapies that are used for cancer treatment. First, Chimeric Antigen
Receptor (CAR) T-cell therapy, in which a sample of the patient’s cancer-fighting T cells is extracted and functionalized
to carry CARS, strengthens the T-cell anti-cancer efficacy. Modified T-cells are reintroduced into the bloodstream to find,
attach, and kill cancer cells.'’ Immunomodulators represent another type of IT in which a group of drugs is administered
to boost the patient’s immune system to fight against different types of cancer. Various immunomodulators have been
developed. The first family of drugs is antagonists that block immunosuppressing pathways. The second family of drugs
is agonists, which function by stimulating pathways that initiate the action of immune cells. The third family of
immunomodulators is checkpoint inhibitors, which are designed to inhibit molecules on immune or cancer cells that
trigger the attack of cancer cells. Cytokines represent a fourth group of immunomodulators. The types of cytokines used
in anti-cancer therapy include, but are not limited to, interferons and interleukins. Finally, adjuvants, substances that
stimulate pathways in the immune system, provide prolonged protection or generate more antibodies. Cancer vaccines
constitute a third group of ITs. A vaccine stimulates the immune response of the body against a particular disease. In most
cases, they should be administered to healthy individuals to prevent infections. However, some vaccines may prevent or
treat cancer. Cancer vaccines stimulate the immune system to attack cancer cells with specific tumor antigens. Many
different components, including viruses, vectors, DNA, and proteins, are involved in the formulation of cancer vaccines.
Cancer vaccines are used to protect patients by shielding them from bacteria and viruses, which may aid in the
development of cancers such as hepatitis B.'>'? Targeted antibodies are proteins that are tailored post-production by
the immune system to carry antigens that target cancer cells and diminish their activity. These targeted antibodies can be
loaded with anticancer drugs to act as drug delivery systems specific to desired cancer cells. Currently, all targeted
antibodies are monoclonal antibodies, which can be very effective in cancer treatment because of their specific and
precise targeting capabilities for certain types of cancers.'®

Along with several advantages, the disadvantages associated with IT are not less important. A major limitation of IT
is that it can induce a reverse effect, where the body’s immune system starts to attack healthy cells within the body,
leading to inflammation and undesired side effects, such as nausea and vomiting, generalized fatigue, decreased levels of
thyroid hormone, itchy rash, and diarrhea. Overall, it is difficult to predict the body’s reaction to IT, and the scarcity of
clinical trials hinders determination of the appropriate dosage and frequency of administration.

Bone Marrow Transplant and Limitations

Bone marrow transplantation is the process of replacing the bone marrow with healthy cells. In addition to obtaining cells
from a donor, it is also possible to obtain replacement cells from a patient’s body.'> Bone marrow transplantation is also
known as stem cell transplantation or transplantation of hematopoietic stem cells. Hematopoietic stem cell transplantation
(HSCT) is beneficial for the treatment of lymphoma, myeloma, and leukemia. In addition, it can be used to treat the
immune system and bone marrow diseases. HSCT is beneficial for replacing deteriorated bone marrow after delivering
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immense doses of chemotherapy or radiation, where newly generated stem cells gain the ability to directly attack and kill
cancer cells. With all the aforementioned benefits, there are numerous risks associated with bone marrow transplantation.
Complications range from minor to major life-threatening complications that require adequate care and hospitalization.
The criteria for bone marrow transplantation are very strict, and many factors contribute to the final decision, such as
patient’s age, health status, type of cancer, and type of transplant needed. Possible complications include but are not
limited to organ failure, infertility, triggering of immune system and body rejection, and death.'?

Personalized Therapy
Personalized medicine is a new form of medicine that uses patient genetic data as a guide to help make decisions
regarding the prevention, diagnosis, and treatment of diseases. To craft best possible formulation, doctors must know the
genetic data or profile to determine the right dosage regimen for the patient.'®

Genes constitute the backend code for cell generation, growth, and development. Many cancers are associated with, and/
or affected by, specific genes. Research on the human genome, specifically on the genes involved in different types of
cancer, is key to developing personalized cancer medicine. Researchers have used the results of these studies to design more
effective treatments. Genetic information has also been used in cancer detection and prevention. The benefit of personalized
cancer medicine is that it lowers the chance of adverse side effects, as personalized treatment can have a lower impact on
healthy cells, while greatly impacting cancer cells.'” A widely known example of personalized cancer medicine is targeted
therapy, which targets specific proteins and genes responsible for the growth and survival of certain types of cancer.

CS-NPs for Targeted Cancer Therapy

Nanotechnology focuses on the design, detection, synthesis, and deployment of nanoscale molecules ranging between 1
and 1000 nanometers in size. Among these nanomaterials, particles with sizes below 100 nm exhibit enhanced qualities
that vary according to their size, in contrast to larger particles. Owing to their salient features, various nanomaterials have
been extensively used to design different types of nanoconstructs for the targeted delivery of a wide range of diagnostic
and therapeutic payloads. Targeted delivery of imaging agents and therapeutics has significantly improved pharmacother-
apeutic outcomes and early detection of various diseases, including cancer.

Tumor targeting is one of the most investigated aspects of nanotechnology for early detection and targeted treatment of
different types of carcinomas. There are different strategies through which NPs can target the TME. For example, pH-
responsive nanodelivery systems specifically respond to acidic TME and release their diagnostic or therapeutic cargo into
tumor tissues with limited premature release in other biological tissues. Likewise, the ultrafine particle size of NPs allows for
diverse functionalization to improve the plasma circulation time, tumor biodistribution, and uptake into tumor cells, along with
the reduced toxicity of chemotherapeutics. Among the various types of nanodelivery systems (eg, polymeric NPs, micelles,
liposomes, dendrimers, conjugates, solid lipid nanoparticles, nanostructured lipid carriers, and nanoemulsions), polymeric
NPs have been widely recognized because of their unique physicochemical properties, high encapsulation efficiency, stability
in biological fluids, ease of formulation, and great flexibility of functionalization.'®'? Because polymeric NPs are synthesized
from a wide variety of polymers, fabricating polymeric NPs plays a crucial role in their physicochemical characteristics.

Chitosan (CS) is a natural polyamine polysaccharide obtained from chitin and is a major component of fish scales,
fungal cell walls, and insect exoskeletons. Owing to their inherent antimicrobial, antioxidant, wound healing, analgesic,
anti-rheumatic, immunomodulatory, mucoadhesive, antiproliferative, and antimetastatic properties, CS and CS-NPs have
been extensively investigated for the treatment of various diseases, including cancer. The anticancer potential of CS and
CS-NPs was attributed to their antiangiogenic, antioxidant, immunoenhancing, and apoptotic effects.”’ The apoptotic
effect of CS-NPs is due to the generation of reactive oxygen species (ROS), which induce apoptosis and cause severe
stress to the mitochondria and endoplasmic reticulum.?' Moreover, owing to their cationic nature and mucoadhesive
properties, CS-NPs improve the rate and extent of absorption of chemotherapeutics from the site of administration owing
to their prolonged residence time. CS-NPs have also been well-recognized for the controlled, sustained, and stimuli-
responsive release of encapsulated drugs, which prevents their premature release and degradation. Furthermore, their
tunable size, high encapsulation efficiency, good stability in biological fluids, biodegradability, and biocompatibility

make them promising building materials for a variety of CS-based nanocarriers.**>*
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Having been enriched with three distinct functional groups, a variety of CS-based nanospheres and core-shell NPs
have been designed for stimuli-responsive, passive, or active delivery of chemotherapeutics to the tumor microenviron-
ment (TME) or in the cytoplasm of tumor cells.>® CS-NPs can either passively diffuse to the TME because of their
nanoscale size, assisted by an electric or magnetic field, high-intensity focused ultrasound, or ligand—receptor interaction.
After penetration into the TME or tumor cells, therapeutic cargo is released from the CS-NPs in response to light, pH, or
enzymes, thereby killing tumor cells. To further enhance their targeting efficiency and anticancer potency, hybrid NPs
can be synthesized by coupling multiple targeting mechanisms with CS-NPs architecture. Different targeting mechanisms
by which CS-NPs can deliver chemotherapeutics to TME have been presented in Figure 2.

Stimuli-Responsive Targeting

Stimuli-responsive targeting refers to the delivery and release of theranostic payload to a specific region or tissue (eg, TME) by
responding to certain endogenous stimuli (eg, pH, enzymes, redox, glucose) or exogenous stimuli (eg, light, temperature,
ultrasound, magnetic field, electric field, osmotic pressure).”” Exogenous stimuli (also known as physical stimuli) can be easily
manipulated or controlled by the investigator, but endogenous stimuli (also known as chemical stimuli) are always variable, which
may lead to inconsistent results.”® A variety of stimuli-responsive CS-NPs based therapeutics have been developed and evaluated
for targeted delivery of chemotherapeutics for the treatment of different types of cancer.

Photodynamic therapy (PDT) is a promising light-activated cancer treatment modality that employs photosensitizers or
photosensitizing agents to kill tumor cells by generating highly reactive singlet oxygen when irradiated with light of an appropriate
wavelength. In addition to generating singlet oxygen, photosensitizers emit fluorescence, which enables easy detection and
tracking, both in vitro and in vivo. To achieve effective photodynamic therapy, Lee et al*® investigated the effect of the loading
method on the passive delivery of chlorin €6 (Ce6), a hydrophobic photosensitizer for the treatment of squamous cell carcinoma.
They utilized a hydrophilic derivative of CS, glycol CS (GCS) (with PEG conjugated to the CS backbone), and chemically
conjugated it with 5B-cholanic acid (5B-CA) (a hydrophobic moiety). These amphiphilic conjugates (5B-CA-GCS) self-
assembled into core-shell NPs by encapsulating Ce6 in their inner hydrophobic core. They fabricated two different types of 5p-
CA-GCS-NPs: the first was physically loaded with Ce6 (HGC-Ce6) and the second was chemically conjugated with Ce6 (GC-
Ce6). Both types of GCS-NPs were characterized in terms of particle size (300350 nm), in vitro drug release, cell uptake

%77 S w @ Stimuli-responsive Targeting ) @ Active Targeting
W\ ‘ V\/: Differentiated > :0:
(\f\éd i "L tumor\cell FE
PEGylated i \ ‘
CS-NPs o0 \ CSC marker

»

Targeting ligand
functionalized
CS-NPs

External Stimuli

8 ¢ 7.

Heat Ultrasound Liéht Magnetic
field

Internal Stimuli

oo

pH Redox

Tumormicroenvironment
°

Cancer stem
cell (CSC)

Targeting ligand
functionalized
nanoparticle

T\ ®
Lnkerchanjf/ \(

Imaging agent

@ Passive Targeting

s — < T s A X —
T s
o r ®
9. P @
E .lo\' . jfl\ff”-, .——»‘j‘/\"
e e e B e e
—

T-lymphocytes

Macrophages

Figure 2 Targeted delivery of chemotherapeutics loaded CS-NPs by stimuli-responsive, passive, and active targeting mechanisms. Created with BioRender.com.

8380 "

Dove!

International Journal of Nanomedicine 2024:19


https://www.dovepress.com
https://www.dovepress.com

Dove Al-Shadidi et al

efficiency (SCC7 tumor cells), biodistribution to tumor tissues, and anticancer efficacy. The results suggested that HGC-Ce6
displayed a burst release of ~65% of the drug within 6.5 hours compared to only 10% release from GC-Ce6. The rapid drug release
from HGC-Ce6 was attributed to the weak hydrophobic interactions between Ce6 and GCS. Although both NPs displayed
excellent cell uptake efficiency and cytotoxicity compared to free Ce6, GC-Ce6 was more pronounced than HGC-Ce6, which was
attributed to the chemical conjugation of Ce6 to GCS. The biodistribution study showed that after 3 h of injection, fluorescence
rapidly declined in the case of free Ce6 owing to fast excretion from the body; however, HGC-Ce6 and GC-Ce6 showed prolonged
fluorescence, particularly GC-Ce6, which remained detectable in the tumor tissue even 48 h post-injection. The anticancer
efficacy was also superior to case of GC-Ce6 in comparison to HGC-Ce6 and free Ce6, which was attributed to the shrinkage of
the tumor volume and minimal variation in the body weight of mice. The overall tumor volume after 20 days of treatment with
GC-Ce6 was approximately 160 mm? which was significantly smaller than that of HGC-Ce6 (560 mm?) and free Ce6 (760 mm”).
These results indicate that chemical conjugation of Ce6 with hydrophobically modified GCS is a viable option for effective
photodynamic therapy against squamous cell carcinoma.? Lim et al*° synthesized amphiphilic bioconjugates composed of GCS,
Ce6, and densely conjugated diatrizoic acid (3,5-bis(acetamido)-2,4,6-triiodobenzoic acid) as iodine-rich hydrophobic pendants.
These amphiphilic conjugates self-assembled into core-shell NPs (GCS-I-Ce6), which were evaluated for their phototoxicity in
human breast cancer cells (MDA-MB-231 cells). The fabricated GCS-I-Ce6 core-shell NPs (~20 nm, smooth spherical
morphology) displayed promising phototoxicity in MDA-MB-231 cells compared to non-iodinated NPs and plain Ce6.>°

Another light-activatable nanosystem was developed by Lee et al,’' in which CS was chemically conjugated with ursodeoxy-
cholic acid (UDCA), a secondary bile acid that can be metabolized by intestinal bacteria. The synthesized amphiphilic conjugates
were self-assembled into core-shell NPs by encapsulating Ce6 in the hydrophobic inner core. The fabricated Ce6-UDCA-CS-NPs
(200400 nm, smooth spherical morphology) exhibited stronger phototoxicity in human cholangiocarcinoma cells (HuCC-T1)
via generating highly reactive singlet oxygen species, in comparison to the plain Ce6.*' Similarly, Bae et al*> conjugated phenethyl
isothiocyanate (PEITC) with CS oligosaccharide (COS), and the resulting amphiphilic conjugates self-assembled into core-shell
NPs in an aqueous medium by encapsulating Ce6 in the inner hydrophobic core of the NPs. The prepared Ce6-PEITC-COS-NPs
exhibited nanoscale dimensions (200 nm), smooth spherical morphology, good stability in FBS, and sustained continuous release
of Ce6 from the nano-photosensitizer for 96 h. Treatment of human colon cancer cells (HCT-116) with Ce6-PEITC-COS-NPs
produced dose-dependent phototoxicity and cell uptake compared with free Ce6. Upon IV administration from the tail vein into
HCT-116-bearing mice, Ce6-PEITC-COS-NPs showed better biodistribution to tumors and superior anticancer efficacy in terms
of suppression of tumor volume compared with free Ce6 and other control formulations.*?

On the other hand, Jeong et al*> proposed a simple green synthesis method for preparation of Ce6-loaded CS-NPs
(ChitoCe6) via ionic complexation of Ce6 with free -NH, groups on the contour of water-soluble CS (WSC). ChitoCe6
(<300 nm) displayed potent phototoxicity in cholangiocarcinoma cells (SNU478) via the generation of highly reactive
singlet oxygen, which induces DNA and mitochondrial damage. The enhanced phototoxicity induced by ChitoCe6 was
attributed to its higher cell uptake efficiency than that of native Ce6. These results were also validated in SNU478-
bearing nude mice, which showed a time-mannered enhanced distribution to tumor tissues and reduced tumor volume in
mice treated with ChitoCe6 compared to those treated with native Ce6.>

Recently, Al-Nemrawi et al** proposed another functionalization strategy for fabricating photo-controllable CS-NPs for the
targeted delivery of methotrexate (MTX). They prepared MTX-loaded CS-NPs and coated their surfaces with titanium dioxide
NPs (TiO,-NPs) to trigger MTX release from the TiO,-NPs-coated MTX-CS-NPs via photolytic degradation when exposed to
UV light. In addition to their unique photocatalytic properties, TiO,-NPs have been shown to exert tumor-killing effects by
inducing oxidative stress and apoptosis. Hence, TiO,-NPs were used in this study for dual action, photocontrol, and tumor killing.
The fabricated TiO,-NPs-coated MTX-CS-NPs exhibited a larger particle size, good polydispersity, higher positive charge, high
%EE (80%), and light-sensitive release than the uncoated MTX-CS-NPs. MTX-CS-NPs also displayed higher cytotoxicity in
MCF-7 cells than free MTX and plain CS-NPs; however, cytotoxicity was remarkably improved after coating with TiO2-NPs. In
summary, the surface coating of MTX-CS-NPs with TiO2-NPs is a promising strategy to enable the light-responsive release of
encapsulated drugs at the target site with ultimately stronger anticancer efficacy while minimizing off-target effects.**

Another interesting approach employing high-intensity ultrasound was proposed by Choi et al’® to improve the
penetration of CS-NPs into tumor tissues. Briefly, they modified with 5B-CA (a hydrophobic moiety) to produce

amphiphilic conjugates, which were self-assembled into core-shell NPs by incorporating doxorubicin (DOX) into the
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inner hydrophobic core of the CS-NPs. The fabricated DOX-GCS-5B-CA-NPs exhibited nanoscaled size (283 nm),
smooth spherical morphology, good stability in FBS, and high-intensity focused ultrasound (HIFU) triggered biphasic
release. Interestingly, DOX-GCS-5B-CA-NPs displayed time-mannered cytotoxicity and cell uptake efficiency in A549
cells (lung cancer cells) pretreated with HIFU, compared to A549 cells without HIFU pretreatment and free DOX. These
results were also validated in the A549 tumor-bearing animal model, which indicated that pretreatment of xenografted
tumors with HIFU resulted in an approximately 2-fold increase in the accumulation of DOX-GCS-5B8-CA-NPs in the
tumor compared to DOX-GCS-5B-CA-NPs without HIFU (Figure 3). The superior accumulation of DOX-GCS-53-CA-
NPs into HIFU-pretreated tumors was attributed to the breakdown of the dense extracellular matrix (ECM) composed of
collagen and hyaluronan, resulting in deeper penetration of DOX-GCS-5p-CA-NPs into A549 tumor tissues.>
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Figure 3 In vivo near-infrared fluorescence (NIRF) imaging of Cy5.5-labeled DOX-CNPs in ECM-rich A549 tumor animal model, (a) biodistribution of Cy5.5-labeled DOX-
CNPs without and with HIFU treatment (intensity: 5 W/cm2, frequency: 1.5 MHz, duty cycle: 10%, pulse repetition frequency: | Hz, time per spot: 30s, interval: 2 mm,
expose time: 5 min). The red and white dot circles indicate tumor site, (b) ex vivo NIRF imaging of different organs and tumor at 24 h post-injection. (c) Mean NIRF signal
intensity of ex vivo NIRF image, (d) ex vivo NIRF microscopic images of deep tumor penetration of untreated Cy5.5-labeled DOX-CNPs and HIFU-treated Cy5.5-labeled
DOX-CNPs in ECM-rich tumor tissues. Reprinted from Choi Y, Han H, Jeon S, et al. Deep tumor penetration of doxorubicin-loaded glycol chitosan nanoparticles using high-
intensity focused ultrasound. Pharmaceutics. 2020;12(10):974. Distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license.>®
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To provide on-demand drug release, CS-NPs have also been functionalized to respond to different chemical stimuli
(eg, pH, redox, and enzymes). Nogueira-Librelotto et al*® proposed the incorporation of a pH-sensitive lysine-based
biosurfactant (77KS) as an adjuvant to develop pH-responsive CS-NPs for the targeted delivery of DOX. The developed
DOX-CS-77KS-NPs exhibited nanoscale dimensions, smooth spherical morphology, pH-responsive release (accelerated
release at acidic pH and minimal release at physiological pH), and pronounced cytotoxicity in MCF-7 and HeLa cells.
These findings indicate that the incorporation of 77KS as an adjuvant in the architecture of CS-NPs could be a promising
strategy for cytosolic delivery of chemotherapeutics.>®>” Later, the same research group proposed that the incorporation
of a pH-sensitive lysine-based surfactant (77KS), with subsequent modification with PEG or poloxamer, could further
improve the targetability and cell uptake efficiency of DOX-CS-77KS-NPs. They established that DOX-CS-77KS-NPs
modified with poloxamer were more effective for enhancing the cytotoxicity and cell uptake into HeLa cells, compared to
PEG-modified CS-77KS-NPs, PEG-CS-NPs, unmodified CS-NPs, and free DOX.*® They also confirmed their findings
regarding the pH-responsive release of DOX from CS-NPs for the treatment of cervical and breast cancers.”

Another pH-responsive CS-NPs formulation was proposed by Park et al.** They conjugated N-acetyl histidine
(NAHis) (hydrophobic moiety) with GCS, which self-assembled into core-shell NPs by incorporating paclitaxel (PTX)
into the inner hydrophobic core of the GCS-NPs. These hydrophobically modified core-shell NPs (50-250 nm) exhibited
a pH-responsive release of PTX with a pronounced release at acidic pH and lower release at physiological pH. This pH-
responsive release of PTX from NAHis-modified GCS-NPs was attributed to the hydrophobicity of NAHis at physio-
logical pH, which acts as a barrier to PTX release; however, NAHis-GCS-NPs dissembled at acidic pH because of the
breakdown of the hydrophilic/hydrophobic balance due to the protonation of the imidazole group of NAHis. The pH-
responsive characteristic of NAHis-GCS-NPs makes them a highly promising nanovehicle for site-specific delivery of
chemotherapeutics.*® Similar results were reported by Lee et al,*' who demonstrated that NAHis-modification of CS-NPs
resulted in sustained release of all-trans retinoic acid (RA) at acidic pH compared with physiological pH.

pH-responsive behavior can also be introduced into CS-NPs by hydrophobic substitution of water-soluble CS, as
proposed by Piroonpan et al.** They grafted poly(ethylene glycol) monomethacrylate (PEGMA) comb-like brushes onto
WCS-deoxycholic acid (DCA) conjugates for site-specific release of PTX. The fabricated DC-WCS-PG-NPs demon-
strated a controlled pH-responsive release of PTX (faster release at acidic pH and slower release at physiological pH) and
potent anticancer efficacy against breast cancer cells with no noticeable toxicity against human skin fibroblasts,
indicating their biocompatibility.** On the other hand, Ahmadi Nasab et al** synthesized pH-responsive mesoporous
silica nanocarriers encapsulated with curcumin (Cur) and capped with CS for treatment of glioblastoma cells. The
developed Cur@CS-MCM-41 was characterized in terms of the particle size (180 nm), %EE (88%), loading capacity
(9%), pH-responsive release, and antitumor efficacy against glioblastoma cancer (U87MG). The significantly higher
release of Cur at acidic pH compared to physiological pH was attributed to protonation of ionizable amino groups (—-NH,)
on the contour of CS, which undergo swelling due to repulsion of polymeric chains, leading to increased porosity and
drug release from the CS matrix. A cytotoxicity study revealed significantly higher cytotoxicity in U§7MG cells treated
with Cur@CS-MCM-41 compared to unfunctionalized CS-nanoconstructs and other control groups.*’

On the other hand, redox-responsive systems are designed to release their payload in response to redox conditions in
the environment. For example, tumors exhibit characteristic oxidizing extracellular and reducing intracellular environ-
ments, generating a redox potential that has become the driving force for the development of redox-

responsive delivery vectors. Yoon et al**

developed redox-responsive CS-NPs for targeted delivery of DOX. In this
study, they chemically conjugated to the CS backbone and then conjugated to the CS backbone through a thioketal linker,
which is sensitive to oxidative stress and undergoes cleavage when exposed to the TME. The DOX-mPEG-CS-NPs
exhibited nanoscale size (<100 nm), smooth spherical morphology, sustained ROS-responsive release, and dose-
dependent cytotoxicity in both DOX-sensitive and DOX-resistant AT84 cells (oral squamous cell carcinoma). The
anticancer efficacy of DOX-mPEG-CS-NPs was validated in AT84-tumor bearing mice in terms of enhanced tumor
biodistribution, suppressed tumor volume, and improved survival rate.** Likewise, Jeong et al* developed mPEG-CS-
based redox-responsive nanosystem for the photodynamic therapy of colon cancer. To this end, thiodipropionic acid
(TDPA) was conjugated with phenyl boronic acid pinacol ester (PBAP) (TDPA-PBAP), and then the TDPA-PBAP

conjugates were chemically conjugated to the CS backbone in the mPEG-CS copolymer. These Ce6-incorporated
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nanophotosensitizers showed ROS-sensitive triggered release of Ce6, efficient uptake, cytotoxicity in colon cancer cells
(CT26), and superior accumulation in irradiated tumor.*’

For better targetability and additional control over the release of encapsulated chemotherapeutic payloads, dual- or
multiresponsive systems have gained remarkable attention from researchers in recent years. Yoon et al*® developed dual-
responsive (GSH + magnetic) CS-NPs for targeted delivery of DOX for the treatment of colon cancer. In this study,
mPEG was grafted onto the WSCS backbone, DOX was chemically conjugated to the WSCS backbone via disulfide
linkages, and Fe,O3; NPs (I0) were conjugated to the CS backbone for magnetic sensitivity. The developed DOX-10-
mPEG-WSCS-NPs exhibited nanoscale size (100300 nm), smooth spherical morphology, GSH- and magnetic field-
responsive sustained release over a period of four days, promising cell uptake efficiency, and enhanced cytotoxicity in
DOX-resistant colon cancer cells (CT26) and glioma cells (U87MG). The magnetic field-responsive behavior of 10-
mPEG-WSCS-NPs was also validated in CT26 cell-bearing mice, and the results demonstrated that following IV
administration through the tail vein, strong fluorescence intensity was observed in the tumor tissue with magnet (+)
with negligible fluorescence in tumor tissue without magnet (—). The superior biodistribution to tumor tissues with
magnet (+) resulted in significant suppression of tumor volume compared with the control group.*® Similarly, Yang
et al*’ conjugated L-histidine methyl ester (HIS) with CS oligosaccharide (CSOS) via disulfide linkage to develop pH
and redox dual-responsive CS-NPs for the targeted delivery of DOX. The developed DOX-HIS-CSOS-NPs exhibited
nanoscale dimensions (<200 nm), a smooth spherical morphology, and pH- and redox-responsive DOX release.
Moreover, dose-dependent cytotoxicity was observed in DOX-resistant HuCC-T1 cells (human cholangiocarcinoma
cells) treated with CS-NPs compared with free DOX. The targetability of DOX-HIS-CSOS-NPs was also validated in
HuCC-T1 tumor-bearing mice, where dual-responsive HIS-CSOS-NPs demonstrated better tumor biodistribution and
accumulation, suppression of tumor volume, and maintenance of body weight.*’

Passive Targeting

Passive targeting is a mechanism by which CS-NPs passively diffuse through leaky blood vessels (immature vasculature)
that supply cancer tissue. Owing to abnormal lymphatic drainage in tumor tissues, the permeated CS-NPs were retained
in tumor tissues for longer periods. This phenomenon is called “Enhanced Permeation and Retention (EPR)” effect. The
physicochemical characteristics of CS-NPs, such as particle size, morphology, and surface charge, significantly influence
the EPR effect and thus can be optimized by manipulating various formulation ingredients and fabrication processes.*®
Moreover, owing to their unique functionalities, CS-NPs can be functionalized to further prolong plasma circulation time
and passive permeation of chemotherapeutic agents into tumor tissues.*’

Xu et al’® investigated the biopharmaceutical potential of CS-NPs to enhance the aqueous solubility, bioavailability,
sustained release, cell uptake efficiency, and anticancer efficacy of PTX. They fabricated PTX-loaded CS-NPs via an
emulsification-crosslinking method using glutaraldehyde as the crosslinker. The synthesized PTX-CS-NPs were tested
against prostate cancer cells (DU-145), and the results were compared with those of blank CS-NPs. The particle size (496
nm) of PTX-CS-NPs was noticeably larger than that of blank CS-NPs (133 nm), with a promising encapsulation
efficiency (~94%) and reasonable loading capacity. The drug release study in PBS (pH 7.4) indicated an initial burst
release of PTX (~52%) within the first 12 h, followed by a relatively slow release (~68%) for up to 48 h, which was
further sustained for up to seven days (~89%). The faster release was due to the adsorption of PTX on the surface of the
CS-NPs, and the subsequent slower release was attributed to the erosion and swelling of the polymeric matrix of the CS-
NPs at pH 7.4. PTX-CS-NPs showed dose-dependent (10, 20, 40, and 80 pug/mL) cytotoxicity in human prostate cancer
cells (DU-145) within 48 h of treatment, with the highest cytotoxicity observed at 80 pg/mL. The anti-proliferative
efficacy of PTX-CS-NPs was also significantly higher than that of blank CS-NPs and native PTX, indicating that CS-NPs
are a promising vehicle for improving anticancer efficacy of PTX against prostate cancer.’® Similar findings were
reported by Gupta et al.’!

CS-NPs have also shown remarkable potential for passive delivery of other chemotherapeutics. For instance, Jain

et al>® encapsulated docetaxel (DTX) into CS-NPs via emulsion-solvent evaporation to improve their physicochemical
properties, bioavailability, cell uptake efficiency, and anticancer efficacy against breast cancer. The fabricated DTX-CS-

NPs exhibited nanoscale particle size (~170 nm), good zeta potential (~32 mV), high encapsulation efficiency (%EE)
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(~75% EE), loading capacity (%LC) (~13% LC), biphasic release kinetics, and good stability. Dose-dependent and time-
mannered cytotoxicity was observed in MDA-MB-231 cells treated with 5.0 pg/mL of DTX-CS-NPs, compared with the
low cytotoxicity observed in free DTX and no toxicity in blank CS-NPs. The highest cytotoxicity observed in the DTX-
CS-NP group was attributed to the enhanced cellular uptake efficiency of DTX when delivered in the form of CS-
NPs.>>3® CS-NPs have also shown promising abilities for the passive delivery of other chemotherapeutics, such as

3336 and cromolyn.”’

hydroxychloroquine,>® naringenin,

Many natural polyphenols, such as ellagic acid (EA), possess powerful anticancer potential. However, owing to their
poor aqueous solubility and low bioavailability, their clinical translation is restricted. Arulmozhi et al’® proposed
encapsulation of EA into CS-NPs to improve their aqueous solubility, oral bioavailability, and anticancer potency for
the treatment of oral cancer. The fabricated EA-loaded CS-NPs (EA@CS-NP) exhibited an average particle size of ~176
nm with high %EE (~94%) and %LC (~33%). The drug release study in PBS (pH 7.4) showed a biphasic release with
burst release in the first 3 h, which was attributed to the adsorbed drug on the CS-NPs surface, followed by sustained
release for up to 48 h, which was expected to be due to the liberation of encapsulated EA from the CS matrix. The
viability of KB cells (oral cancer cells) was significantly decreased when treated with EA@CS-NP (ICso = 0.953 pg/mL)
compared with that of blank CS-NP and native EA (ICs5y = 3.125 ug/mL). Moreover, KB cells treated with EA@CS-NPs
underwent enhanced apoptosis compared to free EA, which was attributed to the nanoscale size and cationic charge of
CS-NPs, resulting in enhanced uptake and cytotoxicity in KB cells.’® Similarly, Chung et al®” fabricated retinoic acid
(RA)-encapsulated GCS-NPs via ionic gelation to improve their physicochemical properties and anticancer efficacy
against colon cancer. RA has been extensively investigated for the treatment of different malignancies; however, it has
not yet been translated into an effective systemic treatment owing to its poor aqueous solubility and low bioavailability.
However, after encapsulation into GCS-NPs with a size of 317 nm and smooth spherical morphology, the aqueous
solubility, bioavailability, cellular uptake, and cytotoxicity of RA in cholangiocarcinoma cells (HuCC-T1) dramatically
increased. Moreover, HuCC-T1 cells treated with RA-GCS-NPs showed promising inhibition of proliferation and
migration compared with free RA and blank GSC-NPs.*”

Metformin (MFN) has attracted considerable attention from researchers in the field of oncology owing to its strong
anticancer activity. MFN inhibits mTOR (mammalian target of rapamycin) by activating AMP kinase (AMPK),
restraining cancer progression. However, its low bioavailability and short plasma half-life block its clinical translation
1 investigated the potential of o-carboxymethyl CS (O-CMC) as
a nanocarrier for improving the pharmacokinetics and anticancer efficacy of MFN against pancreatic cancer. MFN-loaded

into an effective systemic cancer therapy. Snima et a

O-CMC-NPs were prepared via ionic gelation and characterized for their particle size (240 nm), morphology (smooth
spherical), zeta potential (—18 mV), in vitro drug release, cytotoxicity, cellular uptake, and biocompatibility. Drug release
analysis performed in PBS (pH 7.4) showed an initial burst release of ~50% drug content within the initial 10 h, followed
by a sustained release of 72% after 70 h. Moreover, a pH-responsive release was exhibited by MFN-loaded O-CMC-NPs,
with ~90% of the drug released in the first 1 hour at pH 4.5, which was possibly due to swelling of the O-CMC-NPs
matrix due to protonation of -NH, groups on the backbone of CS. Cytotoxicity assays conducted on both normal (L929
cells) and pancreatic cancer cells (MiaPaCa-2) revealed that neither free MFN nor MNF-loaded O-CMC-NPs produced
toxicity in normal cells, indicating their biocompatibility. However, a significantly higher cytotoxicity was noted in
MiaPaCa-2 cells treated with MNF-O-CMC-NPs compared to blank O-CMC-NPs, which was attributed to the enhanced
inhibition of mTOR in pancreatic cancer cells. Moreover, a hemolytic ratio of <5% induced by MFN, bare O-CMC-NPs,
and MFN-O-CMC-NPs indicated their high hemocompatibility and suitability for IV administration.®®

CS-NPs have also shown reasonable success in the passive delivery of peptides for the treatment of different types of
cancer. For example, Zhang and Hu®' encapsulated alpha-statin (As) (a fragment of human fibrinogen that possesses
powerful antiproliferative efficacy against activated endothelial cells) in CS-NPs to improve its aqueous solubility,
bioavailability, cell uptake efficiency, and antiangiogenic potency. The fabricated As-CS-NPs were characterized by
particle size (~388 nm), zeta potential (~28 mV), %EE (~51%), morphology (spherical), and biocompatibility. The
developed As-CS-NPs exhibited an initial burst release (~76%) within the first 6 h, followed by a slower release rate
(~45% at 24 h, 60% at 48 h, and 70% at 96 h) for up to 6 days, which was expected to be due to the slow diffusion of the
entrapped drug from the CS-NPs matrix. The anti-angiogenic efficacy was assessed using the HUVEC tube formation
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assay, and the results showed that the As-CS-NPs exhibited a promising ability to repress the formation of tubular
structures compared with the free drug and normal saline groups. Mice treated with As-CS-NPs demonstrated a sizable
decrease in tumor volume compared with the plain drug and normal saline groups. These results verified that encapsula-
tion of As into CS-NPs improved its anticancer efficacy while mitigating its proteolytic degradation; thus, As-loaded CS-
NPs could be a suitable alternative candidate for cancer therapy.®'

In addition to monodelivery, CS-NPs have shown tremendous potential for combined delivery of chemotherapeutics.
David et al®® encapsulated 5-fluorouracil (5-FU) and quercetin (QUE) in CS-NPs for synergistic anticancer efficacy
against pancreatic cancer. The dual-drug-loaded nanocarriers displayed a larger size (~400 nm) than the single-drug
(5-FU or QUE)-loaded CS-NPs (~300 nm). The dual-drug-loaded CS-NPs exhibited good %EE for both drugs (QUE
~91% and 5-FU 53%), which was optimized by varying the CS concentration. Evaluation of drug release revealed that
dual-drug-loaded CS-NPs exhibited pH-responsive release, with a relatively faster release of both drugs at acidic pH (pH
5.5) than at physiological pH (pH 7.4). The predominant release at acidic pH was attributed to the enhanced protonation
of amino groups (-NH;") on the CS backbone, which caused repulsion between the polymeric chains, resulting in the
swelling of the CS matrix. Superior cell uptake and dose-dependent cytotoxicity were observed in MiaPaCa2 cells
(pancreatic cancer) treated with dual-drug-loaded CS-NPs compared to single drug-loaded CS-NPs (QUE-CS-NPs or
5-FU-CS-NPs), blank CS-NPs, and free drugs. The nanoscale particle size and cationic charge of the CS-NPs were
expected to be responsible for the enhanced cellular uptake and cytotoxicity.®” Similarly, Khan et al®> demonstrated that
the encapsulation of curcumin (Cur) into CS-NPs enhanced its aqueous solubility, photostability, bioavailability, plasma
circulation time, and anticancer efficacy against cervical cancer. They further discovered that the combination of Cur-
loaded CS-NPs with methyl jasmonate (MJ) (a plant stress hormone with anticancer efficacy) was more powerful than
Cur-CS-NPs, blank CS-NPs, or plain Cur. The particle size of Cur-CS-NPs (~197 nm) was slightly larger and the zeta
potential was slightly lower (~71 mV) than that of the blank CS-NPs (particle size ~190 nm and zeta potential ~76 mV),
indicating the successful loading of Cur into CS-NPs. An initial burst release in the first 3 h, followed by a sustained
release for up to 120 h, confirmed the biphasic pattern of the Cur-CS-NPs. Moreover, a pH-responsive behavior was
observed in Cur-CS-NPs with a relatively higher release at acidic pH than at physiological pH, which was attributed to
swelling of the CS matrix due to enhanced protonation of the-NH, groups of CS at acidic pH. Cellular uptake studies
showed that Cur-CS-NPs were more efficient for internalization into cervical cancer cells (SiHa, HeLa, CasKi, and
C33A) compared to native Cur, and this was attributed to the nano-size and cationic charge of CS-NPs. More efficient
uptake of Cur-CS-NPs resulted in enhanced cytotoxicity and a lower ICsy compared to native Cur and blank CS-NPs.
The superior anticancer effect of the combined treatment with Cur-CS-NPs and MJ was attributed to the overexpression
of the pro-apoptotic protein (Bax) and downregulation of the anti-apoptotic protein (Bcl-2).°> On the other hand, Xie
et al®® encapsulated endostatin (ES) (an antiangiogenic peptide) into CS-NPs for improving its pharmacokinetics and
combined it with PTX for treatment of lung cancer. The fabricated ES-CS-NPs were characterized in terms of their
particle size (223 nm), zeta potential (+35 mV), %EE (71%), and %LC (10%). The in vitro drug release study showed
a pH-responsive biphasic release pattern, with an initial burst release followed by a sustained release. After 21 days of
treatment, the combined therapy (ES-NPs-+-PTX) was found to be more potent in reducing tumor volume (1263 mm?)
than ES-NPs (1980 mm®), free drugs (ES+PTX) (2772 mm®), PTX (3042 mm®), or the control group (4102 mm?)
(Figure 4). Serum levels of vascular endothelial growth factor-a (VEGF-a)) were lower in the ES-NPs+PTX group than in
the other groups. Moreover, Ki-67 immunohistochemical staining performed on tumors showed that the number of Ki-67
positive cells was lowest in the ES-NPs-+PTX group (30%) compared to the PTX (54%), ES+PTX (36%), ES (73%),
ES-NP (57%), and control (82%) groups. In summary, adjuvant therapy with ES-NPs+PTX could be a viable option for
the treatment of lung cancer; however, further investigation in humans is highly warranted.®* Combined delivery of
1°° developed CS-NPs for the codelivery of
cisplatin (DDPT) and 5-FU for the passive targeting and treatment of colorectal cancer. The developed NPs exhibited

chemotherapeutics has also been reported by other researchers. Ahmad et a

nanoscale dimensions (<200 nm), smooth spherical morphology, sustained release of encapsulated drugs, and excellent
cytotoxicity against colorectal cancer (HCT-116).%> Similarly, Matalqah et al®® co-encapsulated DDPT and DOX into CS-
NPs to improve their pharmacokinetics and synergistic efficacy against breast cancer. The developed NPs exhibited
nanoscale dimensions (277 nm), smooth spherical morphology, high EE, pH-responsive release of encapsulated drugs
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Figure 4 Tumor growth in subcutaneous Lewis lung cancer model. (A) Time-mannered growth in tumor volume and (B) final tumor size on day 2| of treatment. Reprinted
from Xie F, Ding R-L, He W-F, et al. In vivo antitumor effect of endostatin-loaded chitosan nanoparticles combined with paclitaxel on Lewis lung carcinoma. Drug Deliv.
2017;24(1):1410-1418. Distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license.®*

(higher release at acidic pH and lower release at physiological pH), and excellent cytotoxicity against breast cancer cells
(MCEF-7 BrCA).% Another co-encapsulation method was proposed by Song et al,” who prepared CS-NPs via the ionic-
gelation method and loaded them with an anti-PD-L1 peptide (PP) and DOX for synergistic immunotherapy against
colon cancer. These findings demonstrated that CS-NPs are promising nanovehicles for the codelivery of chemother-
apeutics for the treatment of different types of cancers.

In addition to optimizing physicochemical properties (ie, particle size, zeta potential, morphology, and sustained
release), various functionalization strategies have been adopted in the architecture of CS-NPs to further improve their
pharmacokinetic parameters, deeper penetration into tumor tissues, stability in biological fluids, and anticancer efficacy.
One of such functionalization strategies is PEGylation, which can be deployed by covalent conjugation of PEG with CS
followed by self-assembly to CS-NPs, by coating of PEG on the surface of fabricated CS-NPs, or by using PEG-linker to
conjugate CS-NPs with chemotherapeutic drugs. This technique has a long history of credibility in improving the plasma
circulation time by suppressing their recognition by MPS and protein binding, which ultimately improves the passive
diffusion of PEGylated CS-NPs into the TME.

For instance, Sharma et al°® proposed intravaginal delivery of telmisartan (TEL) (an angiotensin II receptor blocker
with anti-proliferative and antimetastatic efficacy) via PEG-grafted CS-NPs to improve its aqueous solubility, residence
time in the vagina, and penetration through the thick mucus membrane for the treatment of cervical carcinoma. They
fabricated two different types of PEG-grafted CS-NPs: one loaded with soluble telmisartan (S-TEL-PEG-CS-NPs) and
the other containing telmisartan (TEL-PEG-CS-NPs). The average particle size (~24 nm) of the S-TEL-PEG-CS-NPs
was slightly larger than that of the TEL-PEG-CS-NPs (~16 nm), whereas the zeta potential of the S-TEL-PEG-CS-NPs
was slightly lower (~ —22 mV) than that of the TEL-PEG-CS-NPs (~ —24 mV). Evaluation of mucoadhesive properties
using female pig vaginal mucosa indicated that S-TEL-PEG-CS-NP demonstrated better mucoadhesion (~40%) than
TEL-PEG-CS-NPs (~31%). The drug release profiles of both CS-NPs formulations were investigated at pH 4.2,
mimicking vaginal secretions, and the results showed a significantly higher dissolution rate (~99%) and solubility
(~93%) of S-TEL-PEG-CS-NPs compared to those of TEL-PEG-CS-NPs (only 9% dissolution and ~32% solubility).
Both CS-NPs formulations displayed no cytotoxicity against normal skin cells (HaCaT) indicating their biocompatibility;
however, superior cell uptake efficiency, cytotoxicity, and apoptosis were evident in HeLa cells treated with S-TEL-PEG-
CS-NPs (ICsgp 22.3 uM) compared to TEL-PEG-CS-NPs (ICsy = 40.1 uM), plain TEL, and unfunctionalized CS-NP
(~ICs50 >100 pM). These findings suggest that PEGylated CS-NPs could be a promising platform for improving the

passive diffusion of chemotherapeutics through the cervicovaginal mucosal barrier for the treatment of cervical cancer.®®
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Similarly, Chen et al® proposed the delivery of MTX via mPEG-CS-NPs prepared by the ionic gelation method. They
fabricated MTX-mPEG-CS-NPs with a particle size (213 nm), EE (approximately 87%), LC (approximately 44%), and
in vitro drug release. The developed MTX-mPEG-CS-NPs showed better uptake and enhanced cytotoxicity in HeLa cells
(cervical cancer cells) than unPEGylated MTX-CS-NPs and free MTX.®’ Similar results were reported by Park et al’® for
the passive delivery of RA for the treatment of colorectal cancer (CT26).

Jia et al established the ability of mPEG-CS-NPs to synergistically deliver MTX and mitomycin C (MMC) against
cervical cancer.”' The developed mPEG-MTX-MMC-CS-NPs exhibited ultrafine particle size (~215 nm), cationic charge
(~32 mV), high %EE and %LC, biphasic release with initial burst release followed by sustained release, higher cell
uptake and cytotoxicity, and superior tumor-specific biodistribution and localization, compared to mPEG-MMC-CS-NPs,
mPEG-CS-NPs, and free drugs.”' Likewise, Hong et al’* grafted mPEG with CS (mPEG-CS), which was then self-
assembled into core-shell NPs for the successful encapsulation of PTX and RA in the inner hydrophobic core of self-
assembled NPs. The fabricated PTX-RA-mPEG-CS-NPs (~160 nm, smooth spherical morphology) displayed a high cell
uptake efficiency, cytotoxicity, and inhibition of invasion (reduction in MMP-2 enzyme) in colon cancer cells (CT26).
They demonstrated that mPEG-CS-NPs were promising polymeric nanovehicles for the combined delivery of chemother-
apeutics for the treatment of colon cancer.’?

The effects of mPEG grafting have been studied using other CS derivatives. Jeong et al’® grafted mPEG with
carboxymethyl CS (CMCS), which was then self-assembled to form core-shell NPs encapsulated with DOX via ionic
complexation with the carboxymethyl groups of CMCS. The fabricated DOX-mPEG-CMCS-NPs exhibited nanoscale
dimensions (<300 nm), a smooth spherical morphology, and pH-responsive release (faster release at acidic pH than at
physiological pH). Incubation of these core-shell NPs with glioma cells (C6 cells) showed enhanced cytotoxicity
compared with free DOX, which was attributed to the higher cell uptake efficiency of mPEG-CMCS-NPs.”* Jang et al’*
grafted mPEG onto the backbone of low-molecular-weight water-soluble (LMWS) CS for the passive delivery of PTX
into colon cancer cells (CT26). They demonstrated that encapsulation of PTX into mPEG-LMWSC-NPs resulted in
sustained release of PTX, better cell uptake efficiency, and enhanced cytotoxicity in CT26 cells compared with native
PTX.™

The grafting density and molecular weight of PEG are important factors that can significantly influence the
physicochemical properties, plasma half-life, and in vivo fate of the CS-NPs. Bachir et al”” investigated the effects of
different molecular weights (mPEG75o, mPEG,09, and mPEGsq00) and grafting densities of mPEG on the physicochem-
ical properties, plasma circulation time, and anticancer efficacy of MTX. They demonstrated that an increase in the
molecular weight and grafting density of mPEG resulted in a parallel increase in the mean particle size and a decrease in
the zeta potential, in vitro drug release rate, plasma circulation time, and cellular uptake efficiency of DOX-mPEG-CS-
NPs into macrophages (J774A.1). Interestingly, the molecular weight and grafting density of mPEG did not affect the %
EE, %LC, or morphology of MTX-mPEG-CS-NPs. To improve pharmacokinetic parameters and passive targeting
efficiency, the use of low molecular weight and low grafting density of mPEG is advisable; however, every nanosystem
has its own chemistry and, therefore, demands sufficient optimization of PEGylation before in vivo administration.”

Another innovative approach for improving the passive delivery of chemotherapeutics was proposed by Wang et al.”®
They proposed the copolymerization of glycol CS (GCS) with carboxymethyl-B-cyclodextrin (CMB-CD), self-assembled
into polymeric NPs (GCS-CMp-CD NPs) via ionic gelation. Owing to its hydrophilic exterior and hydrophobic interior,
B-CD has gained recognition for improving the aqueous solubility of hydrophobic drugs. The fabricated DOX-loaded
CMB-CD-GCS-NPs exhibited a mean particle size of 100-180 nm, a smooth spherical morphology, good %EE, and pH-
responsive release (faster release at acidic pH and minimal release at physiological pH). Treatment of MCF-7 (human
breast cancer) and SW480 cells (colon cancer cells) with DOX-CMB-CD-GCS-NPs showed significantly enhanced
cytotoxicity compared with free DOX, which was attributed to the enhanced cellular uptake efficiency of NPs owing to
their nanoscale dimensions, cationic charge, and sustained drug release properties.’®

The hydrophobic substitution of CS, particularly the hydrophilic derivatives of CS, has received increasing attention
for the development of novel amphiphilic derivatives of CS, which significantly affect the physicochemical properties,
structure (core-shell), thermodynamic stability, and deformability of CS-NPs. The most promising aspect of this approach
is that amphiphilic conjugates of CS can rapidly self-assemble into core-shell NPs in an aqueous medium by
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incorporating a hydrophobic drug into the inner hydrophobic core of CS-NPs. Thus, aqueous solubility, stability in
biological fluids, release kinetics, plasma circulation time, and cellular uptake efficiency of chemotherapeutics can be
significantly enhanced. For instance, Zhou et al’’ conjugated deoxycholic acid (DCA) (a hydrophobic moiety) and
glycidol (G) (a hydrophilic moiety) to the CS backbone. These amphiphilic conjugates rapidly self-assembled into core-
shell NPs by encapsulating DOX in the inner hydrophobic core of the NPs. The developed DOX-G-CS-DCA-NPs (160—
210 nm) maintained a stable structure for 3 months when stored in PBS (pH 7.4) and showed sustained release of DOX
over a week period. Interestingly, the cellular uptake and cytotoxicity of DOX-G-CS-DCA-NPs in MCF-7 cells were
lower than those of free DOX after 24 h of incubation; however, the uptake and cytotoxicity were significantly enhanced
after 24 h, which was attributed to the sustained release of DOX from the inner hydrophobic core of DOX-G-CS-DCA-
NPs.”” Likewise, Jin et al’® conjugated DCA to CMCS, which self-assembled in an aqueous medium to form core-shell
NPs incorporated with DOX in the inner hydrophobic core of NPs. The DOX-DCA-CMCS-NPs exhibited nanoscale
dimension (87—-174 nm), good stability in physiological media, and sustained release over a prolonged period. Time-
mannered and dose-dependent cytotoxicity and cell uptake were observed in MCF-7 cells treated with DOX-DCA-
CMCS-NPs, which was attributed to the sustained release of DOX from the hydrophobic core of the NPs.”® Similar
results have been reported by Zhou et al.”

One of the most studied hydrophobic moieties for synthesizing amphiphilic derivatives of CS is 5p-cholanic acid (5f-
CA), which is used to produce core-shell NPs. Notably, the degree of hydrophobic substitution with 5B-CA plays
a critical role in the stability, deformability, and tumor targetability of core-shell NPs. To optimize the properties of core-
shell NPs, Na et al® fabricated four different conjugates of 5p-CA and GCS by coupling 7.5%, 12%, 23%, and 35%
weight ratios of 5B-CA. The synthesized conjugates were self-assembled into core-shell NPs in an aqueous medium. The
obtained results suggested that the degree of substitution did not have any significant effect on the particle size and zeta
potential of 5B-CA-GCS-NPs; however, their stability and deformability were greatly dependent on the degree of
substitution with 5B-CA. With increasing hydrophobicity (increasing weight ratio of 58-CA), the formed 5B-CA-GSC-
NPs became more rigid and stable. Interestingly, the degree of hydrophobic substitution also affects the tumor target-
ability and in vivo biodistribution of 5B-CA-GSC-NPs in tumor tissues. The most promising tumor biodistribution was
achieved using a weight ratio of 23% %5B-CA. However, every nanosystem has a characteristic chemistry; therefore, it is
advisable to optimize the hydrophobic substitution for better targetability and therapeutic outcomes.®® Using this concept,
Kim et al®' also fabricated 5p-CA-modified GCS-NPs for the targeted delivery of PTX for the treatment of melanoma.
The fabricated PTX-53-CA-GSC-NPs (~400 nm) remained stable in PBS (pH 7.4) for 10 days and displayed a sustained
release of PTX over 8 days period. PTX-58-CA-GSC-NPs were found to be less cytotoxic to melanoma cells (B16F10)
than native PTX after 24 h of incubation; however, they efficiently suppressed the growth of tumors for up to 8 days
when injected into BI6F10 tumor-bearing mice, compared to native PTX, which did not decrease tumor volume owing to
faster elimination from the body.®' Similarly, Min et al®* fabricated 5p-CA-GSC-NPs for the targeted delivery of
camptothecin (CPT) for the treatment of breast cancer. The fabricated CPT-5B-CA-GSC-NPs exhibited nanoscale size
(280-330 nm), high %EE (80%), protection against enzymatic degradation, and pH-responsive release of encapsulated
CPT for one week. The MDA-MB231-tumor bearing mice treated with CPT-5B-CA-GSC-NPs displayed prolonged
plasma circulation time, specific tumor biodistribution, and prolonged localization into tumor tissues compared to the
control groups.®* Similarly, 5p-CA-mediated hydrophobic modification of GCS has also been adapted by Kim et al® for
the passive delivery of CCDP. The fabricated CCDP-53-CA-GSC-NPs exhibited nanoscale size (300-500 nm), high %
EE (80%), and pH-responsive release over a period of one week because of the slower release of CCDP from the inner
hydrophobic core. The hydrophobically modified GSC-NPs were less cytotoxic initially, but over time, their cytotoxicity
was enhanced compared to that of free CCDP. Moreover, CCDP-5B-CA-GSC-NPs were more efficient than free CCDP in
suppressing tumor growth, maintaining body weight, and improving the survival rate in tumor-bearing mice. The superior
anticancer efficacy of CCDP-5B-CA-GSC-NPs was attributed to their prolonged plasma circulation time, specific tumor
biodistribution, and prolonged localization in tumor tissues.®* 5p-CA-modified GSC-NPs were also evaluated for passive
delivery of DTX, as proposed by Hwang et al.** The developed DTX-5B-CA-GSC-NPs (350 nm) remained stable for two
weeks under physiological conditions (pH 7.4, 37°C) and exhibited sustained release over a prolonged period. The
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developed NPs also showed excellent anticancer efficacy in A549 (lung cancer cells)-bearing mice by reducing tumor
volume, maintaining body weight, and higher survival rates in treated animals compared to free DTX.*

These amphiphilic features can also be introduced into CS by chemically conjugating it with stearic acid (SA), which
then self-assembles into core-shell NPs in the presence of dextran as a crosslinker, as proposed by Shen et al.*® These
core-shell NPs are promising for the high encapsulation of Cur in the inner hydrophobic core of the CS-NPs. The
encapsulation of Cur into these core-shell NPs resulted in significant improvements in aqueous solubility, oral bioavail-
ability, and antioxidant and anticancer efficacies.®> Chemical conjugation with hydrotropic agents such as oligomers is
another attractive approach for creating amphiphilic features in GCS. For instance, Saravanakumar et al*® chemically
conjugated a hydrotropic oligomer (HO) with GCS, which self-assembled into core-shell NPs by incorporating PTX into
the inner hydrophobic core. The developed PTX-HO-GCS-NPs exhibited nanoscale size (~313 nm), smooth spherical
morphology, promising %EE (97%), good %LC (20%), and excellent stability in PBS (pH 7.4) for 50 d. In in vitro cell
culture studies, PTX-HO-GCS-NPs displayed lower toxicity in SCC7 cells compared to free PTX prepared in a 50%/50%
Cremophor EL/ethanol mixture; however, the in vivo antitumor study revealed a superior antitumor efficacy of PTX-HO-
GCS-NPs in SCC7 tumor-bearing mice compared to free PTX and normal saline groups. The lower toxicity observed in
SCC7 cells treated with PTX-HO-GCS-NPs was likely due to the slower initial release of PTX from the inner
hydrophobic core of NPs.*® Similar results have been reported by Koo et al.®’

Despite possessing several characteristic features of descent, one of the problems encountered with polymeric NPs
(eg, CS-NPs) is their recognition by the MPS with ultimate phagocytosis and elimination from the body. To circumvent
this problem, several strategies have been adapted in the constructs of CS-NPs such as PEGylation, coupling of
hydrophilic moieties, stealthing/camouflaging with cell membranes, conjugation of CD47-derived enzyme-resistant
peptide ligands on the surface of NPs which gives “Don’t Eat Me” signals to the immune systems. One such promising
adaptation of CS-NPs is their coupling with low-density lipoprotein (LDL). As an endogenous molecule, LDL is
nontoxic, biodegradable, biocompatible, and can easily escape RES-mediated phagocytosis. Furthermore, owing to the
presence of specific membrane-bound protein transporters that facilitate the diffusion of LDL through cell membranes,
coupling LDL with CS-NPs is also considered a promising approach to improve the transcellular permeability of CS-
NPs. Moreover, several LDL receptors are heavily expressed in different tumor cells, making them a targeting ligand for
the targeted delivery of chemotherapeutics. Using this highly attractive concept, Zhu et al®® developed succinyl-CS
(SCS)-NPs encapsulated in DOX. The prepared DOX-SCS-NPs were coupled with SiRNA-LDL via a cholesterol
linkage. The developed NPs (DOX-siRNA-LDL-SCS-NPs) exhibited nanoscale dimensions (~206 nm), high %EE
(~71%), fair %LC (~12%), and good stability. Moreover, DOX-siRNA-LDL-SCS-NPs showed the highest cell uptake
and cytotoxicity in HepG2 cells, low uptake in macrophages (RAW 264.7), and good tumor targetability compared to the
control groups.®® Later, the same passive strategy was adapted by Tian et al** using a simple one-step green mixing of CS
solution with LDL suspension under constant magnetic stirring, which underwent agglomeration followed by self-
assembly to LDL-CS-NPs. The fabricated DOX-LDL-CS-NPs exhibited nanoscale size (~180 nm), cationic zeta
potential (~48 mV), and higher cytotoxicity in gastric cancer cells (SGC7901) than free DOX did. The enhanced cell
uptake efficiency and cytotoxicity of DOX-LDL-CS-NPs were attributed to their nanoscale size and cationic charge,
which confer their adsorptive endocytosis into tumor cells.® All these strategies are promising for improving the passive
delivery of chemotherapeutics to the TME; however, a comparative evaluation of different strategies is highly warranted
to substantiate the existing literature.

Active Targeting

Among the various targeting mechanisms, active targeting is the most selective approach for maximizing therapeutic
efficacy while mitigating off-target effects. It refers to the delivery of a chemotherapeutic or diagnostic payload to
specific cells without accumulating in non-target cells.”®** In this approach, specific targeting ligands (eg, folic acid,
hyaluronic acid, transferrin, antibodies, peptides, aptamers) are conjugated to CS-NPs to recognize specific receptors or
antigens (eg, CD44, FA, transferrin receptors) on cancer cells.?®**% Specific binding of ligand-functionalized NPs to
cancer cells improves the efficacy of chemotherapeutics.”®*® Being enriched with numerous hydroxyl and amino groups,
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CS-NPs possess tremendous potential to be functionalized with different targeting ligands for selective targeting of
different types of cancer.

One of the most studied cellular targets for selective targeting of tumor cells is FA receptors (FARs), which are highly
expressed in a variety of cancer cells and minimally expressed in normal healthy cells. Therefore, many researchers have
conjugated FA to the surface of CS-NPs and evaluated their anticancer potential for the treatment of different types of

cancers. For instance, Esfandiarpour-Boroujeni et al”’

prepared CS-NPs for improving the physicochemical properties
and pharmacokinetics of Cur, and for specific targetability, they functionalized the fabricated Cur-CS-NPs with FA to
selectively target breast cancer cells having overexpressed FA-receptors (FARs). They prepared FA-modified Cur-CS-
NPs via self-assembly and evaluated their particle size (119-127 nm), zeta potential, %EE (96%), morphology (smooth
spherical), drug release, and in vitro cytotoxicity in breast cancer cells (MCF-7). The in vitro release study showed pH-
responsive release behavior of FA-Cur-CS-NPs, with predominant release at acidic pH (pH 5.0) compared to physiolo-
gical pH (pH 7.4), which was expected to be due to swelling of the CS-matrix after protonation of the amine groups in
the acidic environment. Compared to plain CS-NPs and free Cur, FA-Cur-CS-NPs demonstrated superior cytotoxicity
and uptake into MCF-7 cells, with no significant cytotoxicity observed in healthy breast cells (L929) at all incubation
times. The enhanced uptake and cytotoxicity displayed by FA-CS-NPs were attributed to their FAR-mediated endocytosis
into MCF-7 cells.”

To further improve accumulation into tumor cells, Wang et al'®’ proposed co-functionalization with PEGylation and
FA conjugation on CS-NPs for the treatment of lung cancer. They fabricated gemcitabine (GEM) (a third-generation
chemotherapeutic from the taxane family)-loaded CS-NPs with additional functionalization with mPEG and FA. The
developed FA-mPEG-GEM-CS-NPs exhibited nanoscaled size (~185 nm), cationic zeta potential (~29 mV), smooth
spherical morphology, good %EE (~40%), pH-dependent release (high release at pH 5.8 and lower release at pH 7.4),
higher uptake, a dose-dependent cytotoxicity in A549 cells, and better pharmacokinetic (C,,.x, mean resident time, MRT,
and area-under-the-curve, AUC,_), compared to mPEG-GEM-CS-NPs and free drug. A tissue biodistribution study in
tumor-bearing BALB/c mice showed that the maximum tumor accumulation of FA-mPEG-CS-NPs was attained within 8
h of IV injection through the tail vein, which started decreasing after 24 h, indicating the successful elimination of NPs
from the body. An in vivo antitumor study showed significant suppression of tumor volume in tumor-bearing Balb/c mice
treated with FA-mPEG-GEM-CS-NPs compared to mPEG-GEM-CS-NPs and free GEM.'?’ Using the same concept,
Zamanvaziri et al'®' co-functionalized CS-NPs with PEG and FA for the combined passive and active delivery of sodium
butyrate (SB) for better therapeutic outcomes against prostate cancer. The fabricated FA-PEG-SB-CS-NPs exhibited
nanoscale size (140-170 nm), cationic zeta potential (~15 mV), narrow PDI, smooth spherical morphology, high %EE
(~75%), and pH-dependent release (high release at pH 5.0 and lower release at pH 7.4). To evaluate the selective
targetability of FA-PEG-SB-CS-NPs, cellular uptake and cytotoxicity were assessed in two different prostate cancer cell
lines: PC3 cells (FARs-negative) and DU145 cells (FARs-positive). Dose-dependent cytotoxicity was observed in both
prostate cancer cell lines; however, more potent cytotoxicity was observed in DU145 cells. The higher cytotoxicity
observed in FA-PEG-SB-CS-NP-treated DU145 cells was attributed to a significant induction of pro-apoptotic (Caspase-
9, Bax) and autophagy genes (ATGS, BECLINI, and mTORCI1) compared to the PEG-SB-CS-NPs, FA-SB-CS-NPs,
plain CS, and control groups.'®" The biopharmaceutical viability of FA-functionalization on CS-NPs has also been
reported by Liang et al'®® and Wang et al.'®

Owing to their high encapsulation efficiency, thermodynamic stability, and flexibility, Shi et al'® proposed FA
functionalization of CS-based core-shell NPs for the targeted delivery of DOX. CS was conjugated with DCA and PEG
(PEG-CS-DCA), and these amphiphilic conjugates were then functionalized with FA and self-assembled into core-shell
NPs. DOX-loaded FA-PEG-CS-DCA-NPs exhibited nanoscale size (~200 nm), cationic zeta potential, smooth spherical
morphology, good %EE, and pH-dependent release kinetics. FA-PEG-CS-DCA-NPs displayed higher cellular uptake and
cytotoxicity in FARs-positive HeLa cells, with no significant uptake or cytotoxicity in FARs-negative fibroblasts (3T3
cells)."® Another CS-based nanoconstruct was fabricated by Mi et al'®® via ionic gelation of negatively charged CM-p-
CD and positively charged 2-hydroxypropyltrimethyl ammonium chloride (HACS) (hydrophilic derivative of CS). FA
was conjugated to the HACS backbone for selective targeting. The FA-DOX-CD-HACS-NPs exhibited nanoscale size
(~220 nm), cationic zeta potential (~20 mV), smooth spherical morphology, high %EE (~75%), and pH-dependent
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release (higher release at acidic pH and lower release at physiological pH). A cell cytotoxicity assay revealed that FA-
DOX-CD-HACS-NPs displayed stronger cytotoxicity against different types of cancer cells (BGC-823, MCF-7, HEPG-
2, and A549) but no significant cytotoxicity against normal healthy cells (L929).'%°

To optimize targeting efficiency, Dramou et al'®® proposed a new hybrid CS-based nanosystem for the targeted
delivery of CPT for the treatment of colon cancer. They merged stimuli-responsive (magnet-guided) and active targeting
(FA) strategies to achieve better targetability. FA-conjugated CSOS-assembled magnetic halloysite nanotubes (FA-CSOS
/MHNTSs) encapsulated in CPT were prepared using coprecipitation and solvent exchange methods. The developed FA-
CPT-CSOS/MHNTs exhibited a nanoscale size (~147 nm), tubular morphology, and pH-dependent release. The in vitro
release study indicated pH-responsive release of CPT from FA-CPT-CSOS/MHNTs, with nearly 83% drug release within
24 h at pH 5.0, compared to a significantly lower release at pHs 6.8 and 7.4. CPT@FA-COS/MHNTs showed excellent
receptor-specific targeting of Caco-2 cells, excellent superparamagnetic properties, and exceptional anticancer
potential.'® Another novel hybrid design for CS-NPs was proposed by Al-Musawi et al.'®” This study aimed to
construct CS-polyacrylic acid (PAA)-encapsulated Fe;O4 magnetic core-shell NPs for dual-targeted delivery of 5-FU
for the treatment of bladder cancer. The synthesized FA-CS-5-FU-SPION yielded 73% EE, narrow PDI, and spherical
morphology with a diameter of ~80 nm. The MTT assay and flow cytometry showed that FA-CS-5-FU-SPION exhibited
higher cell uptake and cytotoxicity via the induction of apoptosis in bladder cancer cells (T24 cells) compared to plain
CS-NPs and free drug. FA-CS-5FU-SPION exhibited a specific cytotoxic effect on T24 cells with no cytotoxicity in
normal healthy cells (HBIEpC cells), indicating its selective targeting ability.'®’

CD44 receptors are another well-researched cellular target that can be exploited for selective targeting of chemother-
apeutics by CS-NPs. To achieve CD44-mediated targeting, Liang et al'®® functionalized CS-NPs with hyaluronic acid
(HA) for targeted delivery of siRNA into bladder cancer cells. The developed HA-functionalized NPs (siRNA@CS-
HAD) exhibited nanoscale size (100-200 nm), cationic zeta potential, smooth spherical morphology, high %EE (~95%),
good stability, and biocompatibility. In vitro cell studies indicated that siRNA@CS-HAD displayed higher cellular uptake
and cytotoxicity in CD44+ T24 cells, with no significant uptake and cytotoxicity in CD44 — normal healthy cells (1L929).
Moreover, an in vivo study in T24 tumor-bearing mice also indicated a higher tumor tissue biodistribution of
siRNA@CS-HAD NPs compared to control groups.'®® Similarly, Kousar et al'®® prepared DDPT-loaded thiolated CS
(THCS)-NPs using the ionic gelation method and subsequently functionalized them with HA for targeted therapy of
cervical cancer. The developed HA-DDPT-THCS-NPs exhibited nanoscale size (~265 nm), cationic zeta potential (~22
mV), smooth spherical morphology, high %EE (~70%), stability for 3 months, and pH-responsive release (higher release
at pH 6.8 and lower release at pH 7.4) over 72 h. In vitro cell studies indicated that HA-DDPT-THCS-NPs showed
stronger cytotoxicity in CD44+ cervical cancer cells (HeLa) with no significant cytotoxicity in normal cervical epithelial
cells (HCKI1T) compared to the native drug.'® Later, the same research group confirmed the CD44-mediated target-
ability of HA-functionalized THCS-NPs for efficient immunotherapy of cervical cancer with the oncolytic Newcastle
disease virus (NDV).''” Oncolytic virotherapy has emerged as a promising immunotherapy modality; however, it has
several drawbacks, including the rapid clearance of the virus from the body due to immune neutralization in the host.
However, encapsulation of NDV into HA-THCS-NPs showed longer stability (3 months) and pH-responsive release
(higher release at pH 6.8 and lower release at pH 7.4) for 72 h. Moreover, HA-NDV-THCS-NPs displayed stronger
cytotoxicity in CD44+ cervical cancer cells (HeLa) than did the native drug.''® HA-functionalized THCS-NPs were
recently developed by Abduh et al''' for the CD44-mediated endocytosis of Cyclosporine A (CsA) for treatment of
triple-negative breast cancer. The developed HA-CsA-THCS-NPs exhibited nanoscale size (~192 nm), cationic zeta
potential (~39 mV), narrow PDI, smooth spherical morphology, high EE (~85%), and pH-responsive release over 72 h. In
vitro cell studies indicated that HA-CsA-THCS-NPs showed stronger dose-dependent cytotoxicity in CD44+ breast
cancer cells (MDA-MB-231) than the native drug, with no significant cytotoxicity in normal breast epithelial cells (MCF-
10A).'!

To further enhance the specificity and selectivity of CS-NPs against cancer, hybridization of multiple targeting
strategies has been investigated. For instance, Yang et al''? designed dual-targeting HA-functionalized CMCS-modified
graphene oxide (GO) NPs for the targeted delivery of DOX to the TME of cervical cancer. The fabricated NPs (GO-
CMCS-FI-HA/DOX) exhibited nanoscale size (<200 nm), anionic zeta potential (~—42 mV), lamellar morphology, good
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%EE (~95%), and pH-dependent release (higher release at acidic pH (pH 5.8) and lower release at physiological pH (pH
7.4)). A cell cytotoxicity assay revealed that GO-CMCS-FI-HA/DOX displayed stronger cytotoxicity against CD44+
HeLa cells but no significant cytotoxicity against CD44- 1929 cells.!'* Similarly, Li et al''® developed dual-sensitive
triphosphate (ATP)/hyaluronidase (Hyals) dual-sensitive core-shell HA-CS-NPs for the targeted delivery of SNX2112
(SNX, heat shock protein 90 inhibitor) to treat breast cancer. The developed HA-CS-NPs (SNX@HTCC-FPBA/mHA-
PEG NPs) exhibited nanoscale size (100-200 nm), smooth spherical morphology, good biocompatibility with BSA, and
ATP/Hyals-responsive release (higher release at higher ATP/Hyals concentrations and vice versa). Cell uptake and
cytotoxicity studies showed higher uptake and cytotoxicity in both breast cancer cell lines (MDA-MB-453 and MCF-7)
and no noticeable uptake or cytotoxicity in normal skin fibroblasts (HSF). These results indicate tumor-specific
cytotoxicity via CD44-mediated endocytosis with no harm to normal healthy cells.''* Another dual-targeting CS-NPs
were developed by Zhang et al.''* They copolymerized CS and di(ethylene glycol) methyl ether methacrylate (CS-
g-PDEGMA), a temperature-sensitive polymer that undergoes swelling or erosion in the TME. The synthesized
copolymer (CS-g-PDEGMA) was functionalized with HA, which self-assembled into core-shell NPs by incorporating
PTX into the inner hydrophobic core of NPs. The developed HA-functionalized core-shell NPs (HA-CS-g-PDEGMA-
PTX) exhibited nanoscale size (~170 nm), high %EE (~77%), smooth spherical morphology, good hemocompatibility,
and pH-responsive release. Confocal microscopy showed that HA-CS-g-PDEGMA-PTX was more efficiently interna-
lized into MD-MB-231 cells than unfunctionalized CS-g-PDEGMA-PTX, which was attributed to CD44-mediated
endocytosis. The superior uptake of HA-CS-g-PDEGMA-PTX was responsible for its higher cytotoxicity in MDA-
MB-231 cells compared to CS-g-PDEGMA-PTX. An in vivo biodistribution study indicated that HA-CS-g-PDEGMA-
PTX remained accumulated in tumor tissues for a longer time, which resulted in significant suppression of tumor volume,
maintenance of body weight, and higher survival rate compared to the free PTX and saline groups.''*

Peptide or aptamer functionalization of CS-NPs has also attracted great attention from researchers for the active
targeting of chemotherapeutics to different cancer cells. Qian et al''® designed hybrid CS/poly(N-isopropylacrylamide)
NPs functionalized with K237-peptide for the active targeting of PTX to breast cancer cells (MDA-MB-231) via KDR/
Flk 1 tyrosine kinase receptors. The prepared NPs exhibited ultrafine particle sizes (<100 nm), good stability, and smooth
spherical morphology. These hybrid NPs showed quicker drug release at acidic pH than at alkaline or neutral pH. K237-
functionalized CS-NPs were more harmful to MDA-MB-231 cells than to non-cancerous cells, which was attributed to
KDR/FIk-1 receptor-mediated internalization.''

On the other hand, Kurmi et al''® functionalized CS-NPs with estrone (Es) (sex hormone) for selective delivery of
DOX to breast cancer cells. The optimized Es-functionalized DOX-CS-NPs exhibited nanoscale dimensions (~199 nm),
high %EE (~65%), cationic zeta potential (~30 mV), smooth spherical morphology, good hemocompatibility, and
biphasic release, with an initial burst release followed by a sustained release for 80 h. The in vitro cytotoxicity study
showed stronger cytotoxicity in MCF-7 cells treated with Es-DOX-CS-NPs compared with free DOX and blank CS-NPs.
In vivo studies showed a good pharmacokinetic profile and tumor-specific biodistribution of Es-DOX-CS-NPs compared
to free DOX.''

Xu et al''” prepared Cur-loaded CS hydrochloride NPs (Cur-loaded PSNPs) and functionalized them with lactoferrin
(Lf) (a mammalian cationic iron-binding glycoprotein belonging to the transferrin family) for targeted delivery to brain
tumors via Lf receptors, which are heavily expressed in glioma cells and blood—brain barriers (BBBs). The developed Lf-
Cur-PSNPs exhibited nanoscale dimension (220-230 nm), anionic zeta potentials (—20 to =30 mV), high %EE (80-85%),
and a smooth spherical morphology. In vitro cytotoxicity and cell uptake studies showed stronger cytotoxicity and higher
uptake of Lf-Cur-PSNPs into brain capillary endothelial cells (BCECs) and glioma cells (C6 cells) compared to
unfunctionalized Cur-PSNPs, blank PSNPs, and free Cur. An in vivo biodistribution study in ICR mice also indicated
that DiR-loaded Lf-PSNPs accumulated more efficiently in the brain than did unfunctionalized DiR-loaded PSNPs.''” On
the other hand, Anandhakumar et al''® proposed functionalization of CS-NPs with collagen peptide for targeted delivery
DOX to human cervical cancer cells (HeLa).

Active targeting can also be attained by conjugating monoclonal antibodies (MAD) to the surface of CS-NPs. MAb
are extremely important vectors for direct NPs towards target cells with overexpressed specific antigens. For instance,
Arya et al''® functionalized CS-NPs with anti-human epidermal growth factor receptor-2 (anti-HER2) MADb for the
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targeted delivery of GEM for the treatment of pancreatic cancer. Time-dependent cellular uptake and dose-dependent
cytotoxicity were observed in pancreatic cancer cells (Mia Paca 2 and PANC 1) treated with anti-HER2-FITC-CS-NPs,
with no significant uptake or cytotoxicity observed in human embryonic kidney cells (HEK293). Anti-HER2-GEG-CS-
NPs also displayed stronger antiproliferative activity by inducing apoptosis than unfunctionalized GEM-CS-NPs and free
119

drug

Sun et al'?°

proposed the functionalization of CS-NPs with galactose for the active targeting of DOX to liver cancer
cells through asialoglycoprotein receptor (ASGPR), which is mainly expressed on hepatic cells. They conjugated
glycidol (Gly) and DCA or vitamin E with CS, and these amphiphilic conjugates self-assembled into core-shell NPs
by encapsulating DOX in the inner hydrophobic core of the NPs. Gly-CS-DCA-NPs and Gly-CS-VE-NPs were
functionalized with galactose (Gal) to selectively target HepG2 cells for liver carcinoma treatment. Time-dependent
cellular uptake and dose-dependent cytotoxicity were observed in HepG2 cells treated with Gal-Gly-CS-DCA-NPs
compared to other formulations. Moreover, HepG2 cell monolayers treated with Gal-Gly-CS-DCA-NPs showed sup-
pressed proliferation and migration compared with other treatments, indicating their powerful anti-metastatic potential.
H22 tumor-xenografted BALB/c mice treated with Gal-Gly-CS-DCA-NPs showed superior anticancer efficacy in terms
of the lowest tumor volume and minimal variations in body weight (Figure 5).'?° Receptor-mediated active targeting has
also been achieved for the treatment of different cancers by functionalizing PEG-CS-NPs with glycyrrhetinic acid'*' or

anisamide (AA) (a high-affinity benzamide derivative) for the treatment of different cancers.'?

Summary

CS is a polycationic linear polysaccharide with three important functional groups: the primary amino group and the
primary and secondary hydroxyl groups on the CS backbone. These three functional groups are readily available for
modification or grafting with different chemical moieties to produce versatile derivatives of native CS with distinct
physicochemical properties (aqueous solubility, biodegradability, and biocompatibility). Moreover, the cationic amino
groups on the contour of CS offer great opportunities for ionic complexation with multivalent anions and make it possible
to implicate the CS as a promising vehicle for drugs for various biomedical applications. A variety of CS derivatives have
been synthesized and exploited to construct different types of nanodelivery systems for targeted delivery of chemother-
apeutics to the TME or intracellularly. However, the present review aimed to critically evaluate CS-based polymeric NPs,
including nanospheres and nanocapsules (core-shell NPs), for the targeted delivery of chemotherapeutics through the
three most important mechanisms: stimuli-responsive, passive, and active targeting approaches.

Having been enriched with three distinct functional groups, a variety of CS-based nanospheres and core-shell NPs
have been designed for stimuli-responsive delivery of chemotherapeutics to the TME. They range from encapsulating the
photoactivatable payload (eg, Ce6) into the polymeric matrix or hydrophobic core to coating different photoactivatable
materials (eg, TiO,-NPs) on the surface of drug-loaded CS-NPs. These NPs are either passively diffused in the TME or
can be assisted by an electric or magnetic field or high-intensity focused ultrasound for deeper penetration into tumor
tissues. After penetration into the TME, therapeutic cargo is released from the CS-NPs in response to light of a suitable
wavelength, resulting in the formation of highly reactive singlet oxygen or ROS, which can kill tumor cells. The
therapeutic payload can also be released from CS-NPs in response to certain chemical stimuli such as pH, redox, or
enzymes (eg, hyaluronidase). Chemical stimuli-responsive delivery systems can be designed by incorporating an
adjuvant sensitive to certain stimuli in the architecture of CS-NPs or can be used as a linker to conjugate the
chemotherapeutic drug with the backbone or on the surface of CS-NPs. When exposed to specific stimuli, the therapeutic
payload is released because of deagglomeration of the amphiphilic chains of CS or breakage of the sensitive linker.

Passive targeting of chemotherapeutics can be successfully achieved because of the unique physicochemical proper-
ties of CS-NPs (nanoscale size, cationic zeta potential, high encapsulation efficiency, thermodynamic stability, biode-
gradability, and biocompatibility). By optimizing these properties, the aqueous solubility, plasma circulation time, tumor
biodistribution and localization, and anticancer efficacy of chemotherapeutics can be maximized. In addition, various
functionalization strategies (eg, PEGylation, hydrophobic substitution of CS, conjugation of LDL, and stealthing) have
been adapted to the architecture of CS-NPs to further improve their pharmacokinetic parameters, deeper penetration into
tumor tissues, stability in biological fluids, and anticancer efficacy.
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Figure 5 In vivo anticancer efficacy: (A) in vivo anticancer experimental outline, (B) tumor volume growth curve of each group (**p<0.01 and ***p<0.001), (C)
photographs of tumors excised from each group at Day |1, (D) tumor weight at Day || (**p <0.01, ***p <0.001), (E) body weight change curve of each group. (F) H&E
staining of tumors excised from each group at Day || (scale bar = 50 um). Reprinted from Sun R, Fang L, Lv X, et al. In vitro and in vivo evaluation of self-assembled chitosan
nanoparticles selectively overcoming hepatocellular carcinoma via asialoglycoprotein receptor. Drug Deliv. 2021;28(1):2071-2084. Distributed under the terms and conditions
of the Creative Commons Attribution (CC BY) license.'?°

Moreover, owing to their unique functionalities, CS-NPs have been conjugated with a variety of targeting ligands (eg,
folic acid, hyaluronic acid, transferrin, antibodies, peptides, and aptamers) to enable selective intracellular delivery. To
further enhance their targeting efficiency and anticancer potency, hybrid NPs can be synthesized by coupling multiple
targeting mechanisms with CS-NPs architecture. Wang et al'® prepared hybrid CS-NPs via co-functionalization with
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PEGylation and folic acid, which extended their plasma circulation time and boosted their selective cellular uptake and
cytotoxicity in A549 cells in a dose-dependent manner through FA receptor-mediated endocytosis. In summary, CS-NPs
possess tremendous potential for targeted therapy of different types of cancer with better therapeutic outcomes than
conventional treatments while mitigating their off-target events.

Despite holding remarkable anticancer potential, clinical development of CS-NPs based theranostics is limited due to
several challenges including undesired interactions with non-specific molecules and biological tissues, biocompatibility
and safety issues, large-scale manufacturing, ethical and regulatory restrictions, intellectual property (IP), and cost-
effectiveness in comparison to current treatments. For instance, owing to their ultrasmall size and significantly higher
surface area than traditionally formulated drugs, CS-NPs may interact with non-specific target molecules, cells, or tissues
in ways that are not fully understood yet, making it difficult to predict and prevent their potential toxicity. In addition,
behavior of NPs may significantly fluctuate based on their route of administration, which signifies testing of NPs before
and after administration. For example, evaluation varies based on whether orally administered nanomedicines are found
in nano forms or non-nano forms in the gastrointestinal tract. Hence, for successful clinical translation, a thorough
in vitro/in vivo evaluations, establishment of safety and toxicity profiles, pharmacokinetic and pharmacodynamic studies,
and excretion profile are ethical requirements that are mandatory.
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