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Abstract: Cancer remains a leading public health issue globally due to its increasing
morbidity rate, with cancer cases predicted to double over the next 20 years. While current
conventional treatments are the primary go-to in treating cancers, they still present ineffective
due to adverse side effects, poor targeting, and drug resistance. In recent years,
nanomedicines have emerged as a better alternative for cancer treatment in maximizing drug
delivery, bioavailability, and therapeutic efficacy through passive and active mechanisms.
Despite having high potential, the poor clinical translations and recent fund retractions have
led to limited progress in cancer nanomedicine. Thus, this review aims to review and identify
the role of nanomedicine in oncology by analyzing the involved epidemiological populations,
potential health impacts, possible outcomes, and current challenges in terms of economic,
environmental, and ethical aspects. Further outlooks in improving nanomedicine therapeutic
efficacy are also discussed, including switching approaches to nanomedicine development,
modifying current regulatory guidelines, and providing training programs.
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1. Introduction

Cancer is one of the most significant public health problems and leading fatal diseases
worldwide, with lung cancer and breast cancer being the most prevalent cancers in males and
females, respectively!?l. Around 112 of 183 countries reported cancer as the first two causes
of death before the age of 70, while the disease accounts for at least 18.1 million cases and
10 million deaths in 20204, Typically, the hallmarks of cancer involve abnormal cell
proliferation, cell differentiation, and altered signaling and metabolism regulation®fl. As a
result, the transformed cells, or tumor cells, can spread to various parts of the body and
present distinct clinical featurest®. Several risk factors contribute to the rise of the disease,
including environmental pollution, genetic predisposition, and the individual’s
socioeconomic development™. At the same time, multiple studies have forecast the global
healthcare burden to increase exponentially in the following decades due to demographic
changes and population growth!>?71, Notably, the National Cancer Institutel® estimates a
surge in the amount of cancer patients and cancer-related deaths by 2040, with a cancer case
number of 29.5 million. While conventional cancer treatments, such as chemotherapy,
surgery, and anticancer agents, are successful in improving the patient’s survival, they still
have limited efficacy in treating metastatic cancer*®l. Additionally, recent discoveries show
tumor cell-resistance to anticancer agents and poor delivery to the target neoplastic tissue,
which continues to be a challenge in the medical and research field"l. Therefore, researchers
are exploring the application of nanotechnology as an effective treatment for cancer to curb
the prevalence and morbidity of cancer®®7l.

Over recent decades, the study of nanotechnology has continued to grow due to its
potential and efficacy in treating various diseases. It is later termed the bridge between
biological and physical sciences by applying natural, incidental, or manufactured miniature-
structured particles within the nanometre range (1-100nm) or nanomaterialst® 4.
Concurrently, the breakthrough in nanotechnology has revolutionized the field of medicine,
which led to the creation of a new discipline of nanomedicine in 19991 Generally,
nanomedicine addresses the current limitations of medical treatments by implementing
techniques and knowledge of nanoscience for disease control and prevention, monitoring,
and intervention for diagnosis, treatment, remediation, and regeneration!**? While
nanomaterials come in various shapes, sizes, and surface chemical compositions based on
specific physiochemical properties, the small-sized, three external nanospheres, or
nanoparticles, are more popular due to higher surface area, reactivity, and better biomolecule
adsorption, making them a crucial component for drug delivery®!01314 These properties
allow nanoparticles to assist in maximizing bioavailability, drug delivery, and target while

minimizing dose and toxicity effects and improving drugs’ transport across biological
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barriers like the blood-brain barrier (BBB)>%%l. Hence, nanomedicine has become an
attractive field for cancer in biomedical research and the pharmaceutical industry because of
its improved drug delivery performance, such as pharmacokinetics, bioavailability, and low
toxicity.

Presently, at least 15 cancer nanomedicines receive regulatory approval globally, with
over 200 clinical trials evaluating at least 80 novel cancer nanomedicinesi!l. Cancer
nanomedicine primarily manipulate specific nanoparticles in target nano-therapy in
delivering anticancer medications directly to the tumor tissuel'®l. Hence, many anticipated
nanomedicines to tackle the primary obstacles in cancer treatment by enhancing the
permeability and plasma half-life of the drug while reducing multi-drug resistance and
undesirable side effects®l. For example, combining nanotechnology and the immune
checkpoint blockades (ICBs) reduces cytotoxicity and provides promising resultstel,
Notably, scientists have designed various therapeutic nanoparticle platforms, such as lipid-
based, polymeric, and inorganic nanoparticles, each with their specific properties and
efficacy, for the delivery of therapeutic nucleic acids, immunotherapeutic and
chemotherapeutic agents in curing cancer™!6171, Recent advances also led to the production
of a series of nanocarriers, which researchers deemed a superior alternative to minimize off-
target toxicity via tumor tissue-, cell-, and organelle-specific targeting!3l.

There are two main mechanisms of action in nano-based drug delivery, which are the
passive and active targeting methodst®"¢l. The passive method is also known as the first-
generation nanomedicine that relies primarily on regulating physiochemical properties by
manipulating the pharmacokinetics and biodistribution of the drug to the tumor site. Within
the passive methods, the effects can further be subdivided into the Enhanced Permeability
and Reformer tension (EPR) and Tumor Micro-Environment (TME) propertiest®l.
Theoretically, tumor cells induce neovascularisation and large pores in the vascular walls,
which favor passive targeting by permitting the particles to reach the tumor site [5, 16]. As
the lymphatic system cannot drain the tumoral fluids, the particles can accumulate at the
target site through the EPR effect!”'®l. Thus, EPR has become the centra dogma of cancer
nanomedicinel*®l. Also, nanocarriers may utilize TME properties like acidic pH, higher
potential and redox, and differential secretion of lytic enzymes for uniform drug delivery®.
On the other hand, active targeting therapy predominantly depends on the selective binding
of ligands with the cell surface markers expressed by cancer cells, including antibodies,
aptamers, carbohydrates, and peptide moleculest”*®l. The method provides better results in
anticancer treatment due to its high specificity, resulting in lower cytotoxicity effects!*6l,
Following nanomedicine internalization, it transports the therapeutic agents to the nuclear
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endosome, resulting in the degradation of the nanocarrier for subsequent processing and drug
releasel®l,
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Figure 1. The passive (A) and active (B) targeting mechanisms in nano-based drug delivery.
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Although current clinical settings have employed nanomedicine in cancer therapy,
there remains several controversies in its application to cancer. Recently, the nanomedicine
field have faced several big blows. The BIND Therapeutics and Cerulean Pharma, a
prominent nanomedicine company had filed for bankruptcy after poor clinical trial
performances. Also, current meta-analysis showed only 0.7% of the intravenously injected
nanoparticles accumulates in tumor, which is lesser than the claimed therapeutic rate. At the
same time, the US National Cancer Institute had discontinued funding for the Centers of
Cancer Nanotechnology Excellence (CCNES) since 2020, which lead to the public quoting
these phenomenon as “the beginning of the end of the nanomedicine hype”¥. However,
some may argue that nanomedicine is still relevant for oncology uses. Thus, the report aimed
to evaluate the use of nanomedicine in oncology from an epidemiology perspective.

2. Methods

A literature search was performed on PubMed, Springer Link, Nature, and Scopus
(Elsevier) databases using the following keywords: cancer, nanomedicine, oncology,
treatment, diagnostic, and nanotechnology. Specifically, the search strings used in the
PubMed database were (cancer) AND (nanomedicine) and (oncology) AND (nanomedicine).
The author further screened the titles and abstracts to select suitable papers. The author also
included related materials from credible websites. Additional relevant references from the
reviewers’ reference lists were retrieved for the literature. The final literature search was
conducted on the 8th of December 2023.

3. Affected Populations

3.1 Patients and Higher Risk Populations

Patients of varying cancers are the principal recipients of cancer nanomedicine in
seeking better treatments, especially ovarian, breast, and pancreatic cancer patients?’l. While
there are no exact statistics regarding its application to cancer patients, the increasing
nanomedicine development for cancer treatment suggests a higher demand for said treatment
in the market. Generally, patients receive nanomedicines in various anticancer modalities,
including chemotherapy, radiotherapy, gene therapy, immunotherapy, photothermal therapy,
and combination therapy?!l. Notably, the current medicinal field has integrated nano-based
drugs, or nano-formulation, in cancer therapy, all of which is based on the EPR effects. For
instance, Doxil® for ovarian cancer and Abraxane® for pancreatic and metastasized breast
cancer are the most popular nano-based drugs that receive approval from the U.S. Food and
Drug Administration (FDA) in clinical settings for cancer therapy?%22l, Also, cancer patients
who have received traditional radiotherapy and chemotherapy as part of their treatment
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regimens previously may receive nanomedicine-based approaches to provide more optimal
delivery and lesser side effects.

Some populations have a higher chance of becoming cancer patients. The most
predominant non-modifiable risk factor is age, with approximately 60% of cancers occurring
in elderly above the age of 65 due to a slower cell development ratel?®l. Following age, other
non-modifiable risk factors include sex, genetic factors, and family history of cancer[?4-26],
Meanwhile, those with frequent tobacco use and alcohol abuse, excess exposure to
occupational chemicals and sun radiation, unsafe sex practices, and obesity issues have a
higher likelihood of developing cancer?>-?71. Additionally, patients who have cancer require
regular follow-up visits to detect the reoccurrence of the tumor cells. As such, these issues
highlight the need for accurate imaging modalities, as it is the first step in cancer diagnosis
in understanding the tumor stage. Progress in nanomedicine helps to reduce the limitations
of current diagnosis practices, which include a lack of sensitivity in small lesions detection,
radiation exposure, and specificity. Hence, individuals with a higher probability of
developing cancer may receive nanoparticle-based imaging approaches for diagnosis
purposes, including positron emission tomography (PET) imaging agents, magnetic
resonance imaging (MRI), and ultrasound contrast agentst*”-28,

3.2 Healthcare Professionals

Among healthcare professionals, an oncologist is pivotal in integrating and
administering nanomedicine into cancer care. An oncologist is a licensed doctor who
specializes in diagnosing and treating cancer. They are the primary healthcare practitioners
coordinating and overseeing cancer treatment with other health professionals, namely
oncology nurses, dietitians, and pathologists®?®l. Currently, most oncologists use the nano-
based delivery of chemotherapy drugs in treating patients, including doxorubicin
hydrochloride liposomal injection and paclitaxel protein-bound particles*®. Additionally,
oncologists have employed nanoparticles for tumor cell detection and imaging by targeting
specific cancer genes and proteins for early diagnosis. Consequently, accurate diagnosis of
the cancer can assist oncologists in creating a tailored treatment plan. For instance, current
hospital settings are now using metallic, magnetic, liposomes, and dendrimer nanoparticles
for monitoring and diagnosing breast, colon, and cervical cancer™™. Nevertheless, with the
various nanomedicine diagnoses and therapies developed, they are responsible for
understanding the principles behind different nanomedicine products for prescribing
personalized treatments to the specific needs of their patients and improving their quality of
life.
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While oncologist is at the forefront, researchers, nano-scientists, and
nanotechnologists are the backbone of cancer nanomedicine, especially during the discovery
and early developmental stages. To date, there are more than half of the nanomedicine in
clinical trials are for cancer treatments, with breast cancer the most studied in the
nanomedicine research community!?tl, Researchers assist in nano-product development,
doing in-depth physiochemical characterization, quality control, scale-up, and reproducibility
testing in laboratory settings, while nano-scientists experiment with employing nano-sized
particles, apparatus, or even robots in curing cancer®-%2, Meanwhile, nanotechnologists
design and manipulate new nanomaterials and nanoparticles, collect samples, and prepare
information for assessments. Hence, the three roles often intertwine in accelerating the
research and developmental (R&D) field of nanomedicine. At the same time, they have to
undergo multiple clinical trials and modifications based on clinical data to ensure the safety
and quality of the clinical and commercial drug, thus working closely with oncologists in
deviating a suitable therapeutic candidate. Thus, they have a pivotal role in novel
nanomedicine product development, especially in the oncology field while also
revolutionizing its potential in cancer prevention, diagnosis and treatmentf®l,

3.3 Nanotechnology Companies and Regulatory Agencies

Nanotechnology companies play a vital role in transferring nanotechnology from
research centres to the market. Notably, most major nanotech companies are based in the
United States of America (USA), followed by Japan and Switzerland, with Asian companies
showing the highest levels of funding, staffing, and sponsorship for nanotech
development!®. Under nanotech companies, large organizations work with current resources
to investigate longer-term technologies to improve margins and increase market shares. On
the other hand, start-ups create innovative tools to capture market interest®3l. Generally,
nanotech companies mainly prioritize the design and budget management of the research
aspects, and the end goal is designing patient-centric targets that address the current limits of
conventional treatment3. Also, these companies usually work together with the financial
sector to secure sizeable investments for the development of nano-products and the processes
for implementing successful nanomedicine candidates for clinical uses, as these processes
take on average 15 years and require at least 800 million to 3 billion USD in funds during the
clinical trials. As estimates on the market size for cancer nanomedicine suggest in reaching
USD 445.67 billion by 2030, nanotechnology companies are the key players in acquiring the
necessary resources to assist the development and clinical translation of cancer nanomedicine
candidates41.
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Beyond research and development, regulatory agencies play a crucial role in creating
guidelines and policies for evaluating, regulating, and approving the safety and efficiency of
nanomedicines and nanomaterials for cancer treatmentst®!l. They also oversee the translation
process of preclinical studies into clinical therapeutics while reducing the risk of
unanticipated adverse effects®5l. Correspondingly, some pharmaceutical companies have
revised their R&D strategy for translational medicine based on the 5R framework, focusing
on the right target, tissue, safety, patient, and commercial product®®. Presently, global
regulatory agencies, such as the European Medicines Agency (EMA) in Europe, the FDA
from the USA, the Medicines and Healthcare Products Regulatory Authority (MHRA) in the
United Kingdom (UK), the Pharmaceuticals and Medical Devices Agency in Japan, have
created their legislation and guidelines on evaluating and handling nanotechnology-based
productst®®l. On the other hand, the Department of Occupational Safety and Health (DOSH)
in Malaysia has also implemented guidelines on the control and safe handling of
nanomaterials in the workplacel”l. Hence, regulatory bodies are vital in ensuring the
maintenance and regulatory concerns for the development of nanomaterials and
nanomedicine, as well as maintaining the confidence and trust of the public.

4. Potential Health Implications
4.1 Direct Health Impacts

Nanomedicine offers several advantages over the conventional cancer treatments.
One aspect is the therapeutic index. While chemotherapy remains one of the primary
treatment approaches for cancer, administration of the chemotherapeutics agents suffers from
poor solubility and fast elimination, which influences the bioavailability and delivery of the
drugs to the target site*8l. Nanoparticle-based drug delivery can help overcome the issue by
utilizing hydrophilic-based nanoparticles or nanoparticles-coated polyethylene glycol (PEG)
as a protective shield to improve drug release and drug pharmacokinetics through enhancing
its stability and solubility, thus resulting in better efficacyl”*%l. For example, a novel
nanoparticle-drug conjugate of camptothecin with cyclodextrin and PEG, CRLX101,
presents a better therapeutic response for advanced rectal cancer patients in a phase Ib/ll
clinical trial®"4%, Notably, the hydrophilic nature of PEGylated or lipid-based nanoparticles
can also prolong the anticancer drugs' half-life in the systemic circulation, which assists in
the controlled release of the drug to the tissue of interest by avoiding clearance by the immune
system!?1:3941 The nano-formulation for Doxil® uses the same principle by formulating PEG
in conferring protection from clearance from the mononuclear phagocyte systemi 2, Hence,
nanoparticle-based drug delivery can improve the pharmacokinetics and pharmacodynamic
profiles of the anticancer compounds.
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The targeted delivery of nanoparticles also helps minimize the adverse effects and
drug resistance mechanisms caused by the nonselective characteristics of anticancer drugs.
The non-specific activity of conventional chemotherapy not only damages normal cells but
also causes systemic toxicities!®43l. Therefore, it may affect the patient’s immune system
and result in several adverse effects like hair loss or alopecia, blood-related side effects, loss
of appetite, and pain842, On the other hand, the passive and active targeting mechanisms
allow nanoparticles to reach the tumor tissue effectively without promoting cytotoxicity
effects on the surrounding normal cells®#4, Another issue that halts the cancer treatment
process is drug resistance. Almost 90% of cancer-related deaths result from tumor cell drug
resistancel*®. Current data estimates that 55% of non-small cell lung cancer patients
(NSCLC) suffer from relapse and die from the disease, while 70% of ovarian
adenocarcinomas reoccur within a year post-surgery®®l. Fortunately, nano-formulated drugs
can curb this issue by precisely delivering suitable doses of anticancer compounds to the
intracellular tumor site through active targeting and stimuli-responsive targeting features.
The nanocarriers then contain targeting ligands, such as antibodies and antibody fragments,
lipids, proteins, carbohydrates, and aptamers, to facilitate the binding with tumor-specific
receptors at the cell surface*#2. In turn, nanocarriers assist in elevating tumor tissue retention
and accumulation while potentially reversing the current multidrug resistance challenges of
tumor cellstYl. For instance, coupling tyrosine kinase inhibitors with recombinant monoclonal
antibodies significantly improves their specificity with tumor-associated antigens in NSCLC
patients while lowering the cytotoxicity profile and the maximal inhibitory concentrationt6l,
Similarly, folate-functionalized PLGA-PEG nanoparticles elevate the anticancer properties
of Metformin on human breast cancer cellsl*’“8l. As a result, the functional targeting of
nanocarriers proves to be an effective tool in improving the patient’s quality of life by
minimizing unwanted adverse effects and drug resistance.

At the same time, nanomedicine can enhance radiotherapy efficiency while
decreasing its side effects. In current clinical treatment practices, approximately 50% of
cancer patients receive radiotherapy or radiotherapy-based combination therapy™®*. In
general, the treatment involves using high doses of ionizing radiation, particularly X-ray, to
kill cancerous cells by damaging their genetic materials®®. However, similar to
chemotherapy, radiotherapy does not discriminate between tumor cells and healthy cells, and
radiation exposure to normal tissue can cause severe damage to adjacent normal tissue or
even body organs®¥ 531, Also, due to the insufficient oxygen supply or hypoxia, the tumor
cells may confer resistance to radiotherapy, leading to elevated radiation required for better
therapeutic responsel®®52, Hence, although highly effective, radiotherapy is often a double-
edged sword. With the development of nanomedicine, several organic and inorganic
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nanoparticles have emerged to enhance the radiation response of the tumor cells. Among
them, metal nanoparticles, including gold, platinum, and gadolinium, provide a better
sensitizing effect due to the Compton scattering effects, generating free radicals and
secondary electrons to promote DNA damage to tumor cells®%*3l, Ongoing clinical trials for
AGulX, a nano-radiosensitizer based on gadolinium, show promising results in patients with
brain metastatic tumors due to its ability to accumulate in brain tumor cells through the
passive targeting mechanism®3, Thus, nano-radiosensitizers can enhance radiotherapy
efficacy and tumor selectivity without aggravating resistance against radiation, increasing its
potential in treating cancer.

4.2 Indirect Health Impacts

While nanomedicine may increase the success rate of cancer treatments, there is still
a lack of research on the potential side effects of nano-bio interactions. The complexity of
nanoparticles, including size, charge, components, and surface properties, can affect the
general behavior of nanoparticles®. However, we have a limited understanding of the nano-
bio interactions, especially nano-immuno interactions, and the possible harmful health
implications of nanoparticles’ exposure to humans remains an unknown territory®+5s],
Experimental studies have shown that inhaling nanoparticles causes lung inflammation,
which may translocate to extrapulmonary sites like blood, heart, liver, and brain®>56l, Other
than inhalation, nanoparticles can enter the human body via ingestion and skin contact and
further exert toxic effects on the reproductive, endocrine, and immune systems, with the liver
and spleen the primary site for nanoparticle accumulation®°1. Notably, most studies report
metal-based nanoparticles, including gold and iron oxide, as the leading subject in promoting
cytotoxicity and carcinogenicity due to their chemical properties®®!. Metal nanoparticles can
generate reactive oxygen species (ROS) in developing oxidative stress, activating signaling
pathways, DNA damage, and ultimately, apoptosis, leading to various cytotoxicity effects
and development of diseases, including respiratory, cardiovascular, and neurologicalel,
Cancer patients who use cationic nanoparticles for gene therapy treatment may also suffer
from strong immunological responses, resulting in plasma membrane destabilization, tissue
damage, and organ dysfunction®”]. With nanoparticles emerging as an essential field in
cancer diagnosis and therapeutics, it is vital to conduct further research to comprehend the
underlying nano-bio interactions to mitigate the adverse effects of nanoparticles.

5. Potential Outcomes and Challenges
5.1 Positive Outcomes of Nanomedicine in Cancer Therapy

Nano-formulations of the existing cancer therapy have demonstrated better
specificity, accurate localized drug efficacy, and lower systemic toxicity™]. Notably, several
approved nano-therapeutics have provided safer administration in treating cancer patients
while enhancing their therapeutic effect in real-time clinical practices (Table 1). For instance,
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the albumin-bound nanoparticle of paclitaxel, Abraxane®, significantly enhances paclitaxel
efficacy in delaying tumor growth, decreasing breast cancer stem cells, and increasing
intracellular uptake of aldehyde dehydrogenase 1, making it superior for metastasized breast
cancer treatment than Taxel®%l. At the same time, the success rate of nano-enabled drugs is
higher compared to conventional oncology drugs, with an approval rate of 6% over 3.4%[°,
Nano-formulations enhance the permeability and half-life of the drugs while countering
resistance mechanisms by promoting combinatorial drug use with dual-drug loading and
utilizing physical modalities in eradicating cancerous cellsi*361. A recent study by Zhang and
colleagues(®? on the drug delivery modalities for advanced hepatocellular carcinoma (HCC)
presents promising anti-tumor properties and greater bioavailability with lesser drug
resistance by delivering doxorubicin (DOX) and sorafenib (SOR) using hybrid lipid-polymer
nanoparticles containing a tumor-targeting peptide, iRGD. As such, it can help SOR achieve
its therapeutic efficacy while reducing its side effects, showing great possibilities in treating
HCCI61621 Another study by Han and colleagues!®®! proposed PEG-PLA nanoparticles as a
potential alternative to the oral administration of tyrosine kinase inhibitors, namely gefitinib,
as the encapsulation allows better drug localization and stability for NSCLC. As the research
on nano-therapeutics grows, it may not be long for personalized medicine to become a reality
for cancer patients.

Table 1. Approved cancer nano-therapeutics using drug delivery mechanisms[?242:44]

Year . Advantages on I
Approved Product Material MOA Indication
1995 PEGylated tTI mlglood circulation II\(/I;/e(i(S)irpsa,S —

Doxil/Caelyx liposomal p nd,
(FDA) doxorubicin 1 tumor uptake (EPR) breast, and ovarian
| cardiotoxicity cancer
| protein binding
1996 . 1 blood circulation
DaunoXome gsﬁsgmglicin time Kaposi’s sarcoma
(FDA) 1 tumor uptake (EPR)
| cardiotoxicity
1 blood circulation
200 Myocet liposomal time Breast cancer
(EMA) y doxorubicin 1 tumor uptake (EPR)
| cardiotoxicity
1 Solubility
2005 albumin-bound T blood circulation Breast, non-small-
Abraxane aclitaxel time cell lung, and
(FDA) P 1 tumor uptake (EPR)  pancreatic cancer
| severe toxicity
2006 i liposomal ) Breellls:[ elalnd rl10n-

) pusu litaxel small-ce ung

(China) paciitaxe cancer
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Year Advantages on

Approved Product Material MOA Indication
2006 L -asparaginase 1 blood circulation Acute
Oncaspar . time lymphoblastic
(FDA) conjugate 1 tumor uptake (EPR) leukemia
2007 Breast, non-small-
Genexol-PM paclitaxel micellar - cell lung, ovarian,
(Korea) and gastric cancer
1 blood circulation
2009 Mepact liposomal time Osteogenic
(EMA) P mifamurtide 1 tumor uptake (EPR) sarcoma
| toxicity
1 blood circulation
time
2011 . 1 tumor uptake (EPR)
NanoTherm Lg)nno articles oxide -heat production Brain tumors
(EMA) P under  stimulation
with EMF -teranostic
properties
1 blood circulation
20tz Marqibo Liposomal time IA%jtioblastic
(FDA) q vincristine sulfate 1 tumor uptake (EPR) IZukF()emia
| toxicity
1 blood circulation
2015 ONIVYDE liposomal time Advanced
(FDA) irinotecan 1 tumor uptake (EPR) pancreatic cancer
| toxicity
2017 liposomal 1 blood circulation
VyXxeos daunorubicin and UM® . . High-risk  acute
(FDA) cytarabine 1 accumulation in myeloid leukemia

bone marrow

5.2 Positive Outcomes of Nanomedicine in Cancer Diagnosis

Aside from therapeutic purposes, nanomedicine has significantly revamped cancer
diagnostic and imaging field. To date, at least 50% of cancers cases are detected only at
advanced stages, with pancreatic, esophageal, and ovarian cancers having extremely poor
prognosis®. However, nanoparticles have made it possible to detect cancer in its early stages
to enable timely treatment and increasing survival odds, especially inorganic nanoparticles,
such as gold, iron oxide, and quantum dots, are commonly used for diagnostic imaging®2,
These nanoparticles can attach to specific biomarkers to enhance imaging modalities like
MRI and PET scans in providing sensitive, accurate, and specific results!?1, As such,
researchers termed the integration of novel therapeutic with modern diagnostic tools as
nanotheranostic!*”%71, For instance, Resovist is an MRI imaging agent consisting of
carboxydextran-coated superparamagnetic iron oxide nanoparticles for liver contrast-
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enhanced MRI [21]. The immune superparamagnetic iron oxide nanoparticles (SPIONSs) are
another potential tool in detecting lung cancer!®. Notably, quantum dots are suitable for
colorectal, liver, and pancreatic cancer imaging as they emit fluorescence in the near-infrared
spectrum!®®l. Consequently, the rising trend of theranostics makes them the most promising
candidates in providing highly accurate diagnostic test for effective detection in its early
stages, which lowers patient cost and extend their survival.

5.3 Positive Outcomes of Nanomedicine in Cancer Immunotherapy

Recently, cancer immunotherapy has rapidly arisen as the next generation of
nanomedicines. Instead of directing toward cancer cells, cancer immunotherapy focuses on
the cells within the immune system, including immune checkpoint inhibitors, tumor-specific
antigens (TSA), and regulatory T cells, in activating the body’s anti-tumor immune response
in recognizing and killing tumor cells?351. Consequently, tumor immunotherapy has opened
the door for cancer vaccine development. Typically, the immunogenic components of the
cancer vaccine rely on the tumor-associated antigens (TAA) and TSA of the tumor cells,
which help enhance the antigen stability and prevent antigen degradation>*3l, They can
further be categorized as cell-based, viral vector-based, or molecular-based vaccines (Table
2). Most cell-based tumor vaccine is dendritic cells (DC) vaccine. Among them,
APCEDEN® is an autologous DC immunotherapy containing tumor antigen ex vivo to elicit
tumor-specific T-cell-mediated tumor cell toxicity, and it is the only approved
immunotherapy by the Central Drugs Standard Control Organization (CDSCO) in India to
treat prostate cancer, colorectal cancer, ovarian cancer, and NSCLCI®88%, One case study of
a 63-year-old Asian male diagnosed with prostate adenocarcinoma showed significant tumor
remission post APCEDEN® immunotherapy in combination with mitoxantrone treatment©°,
At the same time, an efficacy profile of APCEDEN® vaccine therapy also exhibits a survival
benefit of at least 100 days, thus proving the vaccine to be a pivotal asset in potentially
removing solid tumors™. Meanwhile, a viral-based tumor vaccine utilizing the oncolytic
adenoviral virus, NG0348, possesses a similar mechanism as the CART-T therapies in
modifying the patient’s T cells to identify and eliminate the tumor cells effectively and is
now approved for human clinical trials?*®®l. Therefore, cancer immunotherapy has
substantially extended the therapeutic window in tumor clearance.

Table 2. Cell-based, virus-based, and molecular based, such as recombinant protein, peptide, DNA and RNA,
cancer vaccine and their status (launched or in clinical trial)[?l

Cancer Vaccine Name of Carrier types Indication Status
types product
Proteoliposome  (N-
OM\/-based GM3/VSSP acetyl_ _ GM3
vaccine gangl:omde _'E Breast cancer Phase I1
complex wit
(cell-base) Neisgeria

meningitides-derived
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Cancer Vaccine Name of Carrier types Indication Status
types product
outer membrane
vesicle)
Liposome loading
Autologous i Oncoquest- Autologous tumor Chronic
cellular vaccine CLL g chronic lymphocytic \° oo Phase |
(cell-based) leukaemia (CLL) and
IL-2
Replicating ICP34.5
Oncolytic virus . and ICP47  gene- :
) 'I[;(zslegg:urev, deleted oncolytic (I;gﬁt:a:rtatlc breast 2021
(virus-based) y Herpes simplex virus
(HSV)
HPV L1 proteins
. . derived from various
Virus-like 9-Valent
particle vaccine ~ human HPV types (6, 11, 16, ical
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6. Addressing the Challenges in Cancer Nanomedicine
6.1 Challenges in Efficacy

Despite the successful therapeutic effects of nanomedicine interventions in the
less than 10%
applications™?1 7, A recent survey revealed the failure rate in phase Il and phase 111 trials

preliminary stages, of the candidates have advanced to clinical
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was 52% and 86%, respectively, as these nanoparticles do not reach the expected therapeutic
efficacy despite being a safer alternativel!l. One example is BIND-014, a PSMA-targeting
polymeric nanoparticle that contains docetaxel for cervical cancer treatment, which failed the
phase 1l clinical trial due to little therapeutic efficacy!?l. One of the main factors contributing
to the disappointing efficacy is the inadequate understanding of the nano-bio interactions
between different nanoparticles and the target focal areal*54. The protective features of
biological barriers, such as the reticuloendothelial system (RES), the renal system, and the
BBB, may restrict drug delivery to the tumor cellsi®*®72  Although manipulating the
nanoparticles' properties, including size, structure, and surface charges, can improve the
permeability of the nanoparticles and decrease their clearance in said biological barriers, it
may potentially lead to the accumulation of the drugs at the target organs and non-target
organs due to systemic circulations, can cause short-term and long-term cytotoxicity™"l,
For instance, the accumulation of metal-containing nanoparticles like silver and copper may
degrade the BBB and lead to neurotoxicity. Additionally, while nanoparticles in cancer
diagnosis provide a more accurate detection in current clinical practice, their potential
toxicity and harmful effects remain a mystery. Hence, the limited understanding on the toxic
profiles of different nanomedicines remains an obstacle in designing suitable cancer
nanomedicine for clinical uses.

At the same time, researchers tend to overlook the pathophysiological features of the
cancer cells while designing the nano-formulation, leading to a lack of reproducibility. The
current research paradigm for cancer nanomedicine uses a more “formulation-driven”
approach instead of a “disease-driven” approach®?!l, One of the prominent examples is the
variability of the EPR effects in tumor cells. Most nano-based drug delivery system uses the
passive targeting mechanism as the main design to achieve drug retention in the tumor cells,
making it the central dogma for nano-therapeutics development!®® 731, Still, researchers fail to
consider the complexity and heterogeneity of the tumor microenvironment, which can
hamper the therapeutic effects of EPR-based nanomedicinel*®74. Several common factors
influencing the EPR effect in efficiently distributing the nanoparticles to the tumor are the
tumor blood flow and hydrostatic pressurel’®). However, most tumor models in the
preliminary research stages use tumors with a diameter of approximately 5-7mm, and the
highly vascular and genetically homogeneous properties of these tumors provide easily
observed positive outcomes. Meanwhile, cancer cells in clinical settings highly differ
between patients due to genetic mutations and epigenetic patterns, resulting in limited
responses to the EPR-based nanomedicine and allowing for drug resistancel’. Hence, these
issues emphasize the need for a proper model system to understand its efficacy in cancer
treatment.
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6.2 Challenges in the Regulatory Aspect

The enormous scientific and regulatory gap is another obstacle that impedes the
development of nanomedicine and its potential future usest®l. Currently, most regulatory
bodies, including the FDA and EMA, use the traditional benefit-to-risk framework in
evaluating the new nano-formulations for therapeutic uses, which is not suitable for the
complex nature of nanoparticlest’. Despite originating from the same material,
nanoparticles can interact differently with the cells and tissues due to varying physiological
environments, leading to their multifunctional naturel®l. For instance, the safety and efficacy
of polymeric-based nanoparticles depend on their molecular size and structure and
conjugation chemistry[’8l. However, most regulatory agencies fail to consider the diverse
pharmacodynamic and pharmacokinetic activities based on the current regulatory
framework®®l. Also, there is a severe lack of standardization for the definition and
classification of nanomedicine, resulting in the geographically differed safety and efficacy
standards for nanomedicine®®®7’l. For example, EMA categorizes nanomedicine into
biological and nonbiological medicine, while the FDA grouped it under complex products
with multiple componentst’?. The regulatory differences can also be found in the cancer
vaccine, APCEDEN®. While the India FDA, CDSCO, has approved the use of APCEDEN®
for pancreatic cancer treatment, its approval by the US FDA remains unknown”®l. As a result,
the different safety and efficacy regulations have caused hundreds of nanomedicines to fail
in phases of clinical trials while increasing the cost required to achieve regulatory
approvall’’l. Aside from the lack of regulation in the R&D field, only a few manufacturing
organizations meet the requirements of Good Manufacturing Practices (GMP), which leads
to a lack of standardization in producing nanomedicine productst’®l. At the same time, there
is still a need for a detailed critical quality attribute (CQA) for evaluating and understanding
nanomedicine properties in the manufacturing process, which are typically inaccessible to
researchers at the early development stagest®®!. Therefore, the lack of specificity in existing
regulatory frameworks make it challenging to the innovation of cancer nanomedicine.

6.3 Economic Considerations

As mentioned previously, the cost of developing a successful nanomedicine candidate
in the clinical phase may require billions of dollars, which places a drastic financial burden
on nanotechnology and pharmaceutical companies, especially if they do not meet the
requirements to pass the clinical trialsi*?l. If the companies continue to fail to produce a
feasible nano-product, investors might reduce the research funding. In an unfavourable
situation, the lack of funding could lead to the withdrawal of the product or the company
from the market. Additionally, the high cost of the raw materials and the production process,



PDDBS 2024, 7, 1; a0000489 17 of 25

including the advanced instruments, bioassays, and storage, influences the production yield
of the nano-therapeuticst>78l. The average treatment cost can go up to 130,000 USD, and
these prices may fluctuate depending on the types and stages of the cancer and the direct and
indirect costs for cancer care, diagnosis, and treatment!’®®l Ironically, the rarity of
nanomedicine does not help in alleviating the patient’s financial burden, defeating its purpose
of being a better alternative to conventional cancer medicine. For instance, the production
cost for Doxil® and Abraxane® is far more expensive than their free-drug counterparts,
namely doxorubicin and paclitaxel, resulting in the higher selling price for cancer nano-
therapeutics“?l. Other cancer nano-therapeutics, such as CAR-T therapy, have a highly
complex and time-consuming manufacturing process, thus requiring hundreds of thousands
of dollars per treatment[®l, Hence, researchers have proposed to characterize nanomedicine
products on a batch-to-batch basis in hopes of improving the cost-effectiveness of cancer
nanomedicine and making the treatment accessible to all cancer patients.

6.4 Ethical Considerations

The traditional use of animal models in understanding the toxicology of the designed
nanomedicines has raised some ethical concerns. Using specific animal models is crucial in
determining the biodistribution and cytotoxicity effects of the nanoparticlest”l. However, as
a large scale of test animal models, including monkeys, pigs, sheep, rabbits, and mice, are
required in the preliminary and clinical stages to evaluate the toxicological and
pharmacological aspects of nanomedicine, multiple studies have deemed these methods to be
unethical, costly, and impractical"-*. Therefore, in vitro toxicity methods, like the 2-
dimensional assays, are currently the main prioritization to assess the nanoparticles. Yet,
these assays do not accurately present the biological and metabolic processes of the human
body, and their interactions with the nanoparticles may interfere with the final results by
providing false positives®®l. Consent issues due to a lack of context are another issue in
employing nanomedicine in clinical trials. It may be due to the medical professionals’ lack
of understanding of the product and its behavior in the human body or the participant
underestimating the potential risk of nano-formulations or nano-based diagnostic toolst®?l, At
the same time, with nanomedicine tools advancing to a more artificial intelligence (Al) stage,
an Al system may store patient health data without their consent, potentially putting them at
risk®2. Hence, informed consent, privacy concerns, and animal testing require further
addressing in the ethical aspects of cancer nanomedicine.

6.5 Environmental Considerations

Another issue to contemplate is the possible impact of environmental pollution. While
the relationship between the nanoparticles in cancer therapy and diagnosis and environmental
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pollution is still unclear, the development, use, and disposal of nanomedicine may pose
significant environmental issues, with the possibility of inducing nano-pollutiont®l. Nano-
pollution is defined as invisible pollution, as its emission to the environment is usually
unidentifiable, especially particulate air emission!®l. For instance, inhaling cylinder-shaped
carbon nanotubes can easily penetrate the pulmonary epithelium and confer toxicity, while
gold nanoparticles may bind to the cell membrane to induce oxidative stresst®. Inappropriate
disposal of nanoparticle-containing waste products into soils and water can also severely
affect our aquatic and land ecosystems, with plants being the primary source of
accumulation!®81, Subsequently, the accumulated nanoparticles can travel through the food
chain, and prolonged exposure can result in critical illness and diseases in humans®4. As
such, further research is needed to investigate the potential environmental threats of these
nanoparticles, and their impact on human health is crucial.

7. Recommendation

The rising number of cancer cases demands a significant improvement in the clinical
translation of the nano-formulations. Notably, switching from traditional formulation-driven
research to a more simplified, patient-centered paradigm may aid in improving the response
rates while solving the issue of patient and disease heterogeneity!l, One successful case in
employing the patient-centered approach is Opaxio, formerly known as Xyotax™., It is a
passively targeted poly [L-glutamic acid] paclitaxel that has shown substantial survival
benefits in NSCLC women with pre-menopausal oestradiol levels, making it assigned by the
FDA as a treatment for women with advanced NSCLC?Y. Therefore, its success highlights
the importance of patient stratification by selecting a suitable patient group and a thorough
understanding of the pathological characteristics of the diseasel?54. Also, a better
understanding of the tumor microenvironment regulation and delivery mechanism of
nanomedicines to solid tumors may help to design drug carriers with maximum efficacy®l.
A recent study by Pandit et al.[®® suggests active transcytosis of endothelial cells to be a more
effective mechanism in delivering nanoparticles to tumor cells, potentially replacing the
current passive targeting approach of cancer nanomedicine development. Still, further
understanding of the nano-bio interactions and employing suitable in vitro and in vivo study
models may help to overcome issues on biological barriers, immune clearance, adverse
reactions and bioaccumulation, and the lack of tumor penetration activity to provide
sufficient therapeutic efficacy™®?!l. Besides changes in the research field, the nanomedicine
research community should also balance their focus on nanomedicine development instead
of only focusing on breast and lung cancer nano-therapiest®”. By addressing these issues, the
accessibility of cancer nanomedicine for clinical uses could become a reality in the near
future.
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Overcoming the current regulatory challenges is also crucial in progressing cancer
nanomedicine. The first step is to establish a widely acceptable international standard in
defining the different terms in nanomedicine while also classifying it as an independent field
rather than generalizing them with other compounds?:%. In addition, an appropriate
regulatory framework on the CAQs, manufacturing process, and better refinement in clinical
trials dedicated to nanomedicine development may also help to reduce the failure rates of
clinical translation and their cost burdensf®¢7¢l. Notably, in 2022, the FDA drafted a series of
five “Final Guidances” on their current regulatory guidelines on nanotechnology product
development in different industry sectorst28l, The EU-US Community of Research has also
emerged as a collaborative effort between the National Institute of Standards and Technology
(NIST) and the European Technology Platform on nanomedicine (ETPN) to address the gaps
in nanomedicine standardization and regulatory framework [60]. Nevertheless, there is a need
to develop a concise regulation in the innovation of nanomedicine products to balance their
safety and quality in creating cost-effective treatments and significantly improving the
patient’s quality of life.

Lastly, changes in the education field may curb the current limitations in clinical
translation. Current estimates on the nanomedicine industry projection suggest a 16% growth
rate in the next ten years, indicating the expanding workforce in the field®H. At the same
time, more and more education organizations recognize the importance of educating
researchers on the necessary knowledge and skills in applying nanotechnology for cancer
research and diagnosis, especially at the academic level, to improve the success rate in
clinical translation. Notably, the Mayo Clinic has developed a training program named the
Translational Nanomedicine Program to provide the necessary skill set while exposing
trainees to the various tools and principal concepts in advancing nanotechnologies for treating
human diseases®. Northwestern University has also opened a well-rounded training
program for master's and Ph.D. researchers to acquire the skills and knowledge for cancer
translation research, including designing cancer nanomaterials, determining the biological
properties, and understanding their safety and efficacy profiles®. Similarly, Stanford
Medical School has provided a 3-year Cancer-Translational Nanotechnology Training
(Cancer-TNT) program for teaching the new generation of cancer researchers to advance
cancer research and clinical translation with the same aim and goals®Y. Hence, broad
engagement across different fields of science and sectors may accelerate the delivery of
nanomedicines to cancer patients.
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8. Conclusion

In conclusion, nanomedicines have demonstrated promising potential in providing
safe and accurate targeted drug delivery to tumor cells in the focal area compared to
conventional cancer treatments due to their unique properties. Despite the challenges and
obstacles, current evidence of the R&D field in nanomedicines and their application in
clinical practices has held promise in changing the current landscape of cancer diagnosis and
treatment. Still, several challenges can impede its progression, such as a lack of a patient-
centred approach, limited toxicological data and assessment, and unsuitable regulatory
approaches. Nevertheless, collaborative efforts between different parties to address and
resolve these problems could enhance clinical translation and unleash the full potential of
nanotechnology for personalized treatments, diagnosis, and, eventually, cancer prevention.
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