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HIGHLIGHTS GRAPHICAL ABSTRACT
e Several antineoplastic drugs have been
formulated in nanomedicines (nano- Efficacy: Effective in acute
lymphoblastic leukemia
drugs) for chemotherapy. T Toxicity: Lower toxicity
e Clinical response, overall survival, kel
safety, and patients' quality of life are %
analyzed across several databases.
o Scientific evidence supports the added Efficacy: Enhanced response in
value of nanomedicines in enhancing P LI et
therapeutic  efficacy and reducing - Toxcity: Reduced peripheral
.. neuropathy
toxicity.
Site-specific targeting
to tumor cells . )
Efficacy: Used in Kaposi’s
sarcoma and in ovarian
cancer
Toxicity: Reduced alopecia
and gastrointestinal side
effects
Approved nanomedicines for cancer therapies. Proof of efficacy and low toxicity of approved nanomedicines based on pegylated L-asparaginase (1) paclitaxel
bound to albumin (2) and pegylated liposomal doxorubicin (3) with site-specific targeting properties to tumor cells, for the treatment of several types of cancers.
ARTICLE INFO ABSTRACT
Managing Editor: Peng Lyu Background: Cancer therapy has undergone significant advances in recent decades attributed to personalized
medicine and targeted drug delivery. Among the promising approaches, the use of nano-based delivery systems
Keywords: has become a relevant approach capable of improving treatment by releasing antineoplastic drugs at the target
Antineoplastic drugs site, improving therapeutic efficacy, minimizing cytotoxicity in healthy tissues, and ultimately, reducing the in-
;hemm:fr"_lpy tensity of adverse effects of chemotherapy. This study prospectively evaluated the impact of formulating anti-
anomedicine

neoplastic drugs as nanomedicines on clinical response, overall survival, safety, and quality of life of cancer
patients, based on the outcomes of randomized clinical trials.

Methods: A literature review was carried out by systematically searching the PubMed/MEDical Literature Analysis
and Retrieval System Online (MEDLINE), Excerpta Medica Database (EMBASE), and Latin American and Carib-
bean Health Sciences Literature (LILACS) databases for phase III clinical trials, comparing nanomedicines with
conventional therapies for the treatment of various cancer types.
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Results: The nanomedicines analyzed were those that are approved and used in Brazil, considering the country's
emerging market for advanced cancer treatments. From a total of 303 articles found, 26 articles were selected for
systematic review. Studies showed that PEGylated r-asparaginase achieved a similar therapeutic effect to that of L-
asparaginase, with fewer applications due to its longer half-life. Paclitaxel bound to albumin improved thera-
peutic efficacy as well as reduced infusion time and solvent-related toxicity of the conventional paclitaxel
formulation. PEGylated liposomal doxorubicin showed better pharmacokinetics, reduced cardiotoxicity, and
improved quality of life in cancer patients compared to that of free doxorubicin.

Conclusions: This study reinforces the scientific evidence of the added value of nanomedicines to improve ther-
apeutic efficacy and reduce toxicity in patients under chemotherapy.

Introduction

Cancer is a major health concern and is one of the leading causes of
death worldwide.! Its multifactorial origin, diverse presentation, and
potential lethality make it one of the most challenging diseases for sci-
ence and medicine. Despite advances in tumor biology and diagnosis,
cancer mortality continues to increase annually.> ™

Conventional chemotherapeutic agents constitute a large proportion
of cancer treatment. However, their use is limited by undesirable prop-
erties, including a narrow therapeutic window and low specificity at the
site of action following oral or intravenous administration, leading to
cytotoxicity in healthy tissues and contributing to the main adverse ef-
fects of this therapy.”

Thus, developing and improving innovative therapeutic approaches
that enhance treatment effectiveness, selectively target diseased areas,
and promote gradual release of the chemotherapeutic agent, thereby
reducing toxicity to healthy tissues, have become instrumental in both
basic and translational oncology research.®® Nanoparticle-based formu-
lations have emerged as a promising platform for modulating drug
pharmacokinetics, and have been approved worldwide for antineoplastic
therapy.’

Nanoparticles were first successfully employed in the 1990s to
improve the pharmacological treatment of malignant neoplasms. Since
then, these advancements have led to the approval of numerous nano-
pharmaceuticals and continue to drive ongoing research, with global
investment projected to reach $350.8 billion by 2025.'° The first nano-
medicine to receive clinical approval was the PEGylated liposomal
formulation of doxorubicin in 1995 (liposomal doxorubicin hydrochlo-
ride PEGylated liposomal doxorubicin [PLD]). Following this break-
through, more than a dozen nanopharmaceuticals have been developed
and brought to market,'! offering improvements, such as reduced dosing
frequency, extended drug retention in specific tissues, minimized drug
concentration fluctuations, and enhanced therapeutic efficacy.'? These
advantages position nanomedicines as a more convenient and innovative
means for anti-tumor therapy.*%!>14

Challenges in the translation of nanomedicines

Translating nanomedicines from laboratory to clinical practice in-
volves addressing several critical aspects and the challenges related to
drug development, regulatory approval, and clinical application.'>'®
These aspects ensure that nanomedicines are safe, effective, and capable
of being reliably produced and administered to patients.>!%!”'® These
challenges include:

e Preclinical evaluation: Conduct comprehensive studies to assess safety,
toxicity, and efficacy in animal models before moving to clinical trials.

e Scalability and manufacturing: Ensure reproducible and high-quality
manufacturing processes, being compliant with the good
manufacturing practices (GMPs) to maintain product consistency and
safety.

e Regulatory approval: Nanomedicines must meet specific regulatory
guidelines and undergo rigorous clinical trials to demonstrate safety
and efficacy in humans.

e (Clinical translation: Focus on targeting, biodistribution, and adminis-
tration routes to optimize therapeutic benefits.

e Ethical and societal considerations: Ensure patient safety, affordability,
and public acceptance through clear communication and ongoing
monitoring.

Post-market surveillance: Monitor long-term safety and effectiveness,
addressing any rare or delayed adverse effects.

Conversely, while nanomedicines offer significant advantages, they
also entail several drawbacks and limitations that must be addressed to
maximize their potential.'® These limitations highlight the need for
ongoing research, careful regulatory oversight, and interdisciplinary
collaboration to address the challenges associated with nano-
medicines,>* 22 as follows:

a. Complexity in manufacturing and scalability

e Reproducibility issues: Consistently producing nanomedicines at a
large scale poses challenges. Variations in nanoparticle size, shape,
and drug loading can affect efficacy and safety.

e High production costs: The manufacturing processes for nano-
medicines are typically more complex and costly than those for
conventional drugs, which can limit their accessibility and
affordability.

b. Regulatory challenges

e Lack of standardized guidelines: The unique properties of nano-
medicines complicate the application of standard drug evaluation
guidelines, resulting in regulatory uncertainty and potential delays
in approval.!®?3

e Extensive safety testing: Nanomedicines may necessitate more
extensive preclinical and clinical testing to evaluate their long-term
safety, particularly concerning potential toxicity and environ-
mental impact.

c. Toxicity and immunogenicity‘c”12’24

e Unintended side effects: Nanoparticles can sometimes accumulate in
non-target tissues, leading to toxicity. Additionally, certain nano-
materials may trigger immune responses or cause unforeseen side
effects.

e Long-term safety: The long-term effects of nanomaterials on human
health and the environment are not yet fully understood, raising
concerns about their prolonged use.

. Challenges in drug delivery and targeting’*>°

e Limited targeting efficiency: While nanomedicines are designed to
improve drug delivery to specific sites, achieving precise targeting
remains difficult. Off-target effects can still occur, reducing the
overall therapeutic benefit.

e Biological barriers: Nanoparticles face several biological barriers
(e.g., immune system, blood-brain barrier, blood-ocular barriers)
that limit their ability to reach and effectively treat the target site.

e. Complex pharmacokinetics and pharmacodynamics] 425,26

e Variable drug release: The release of drugs from nanoparticles can be
unpredictable, leading to variability in drug levels within the body
and potential dosing issues.

e Altered distribution: The pharmacokinetics of nanomedicines (how
the drug is absorbed, distributed, metabolized, and excreted) and
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pharmacodynamics (the drug's effects in the body) differ signifi-
cantly from traditional formulations, complicating dose
optimization.

f. Environmental and ethical concerns

e Environmental impact: The production and disposal of nano-
medicines may pose environmental risks due to the persistence of
nanomaterials in the environment.

e Ethical issues: Ethical concerns exist related to the use of nano-
medicines, including issues of equity, accessibility, and the poten-
tial for unforeseen consequences due to the novel nature of these
therapies.

7,27

Market and clinical impact of nanomedicines

Nanomedicines profoundly impact the pharmaceutical market by
influencing both company expenses and revenues. The complexity of
developing these advanced therapies leads to significantly higher
research and development (R&D) costs, as companies must invest in
specialized technologies, materials, and skilled personnel.'®'” These
increased costs are compounded by longer development timelines,
stemming from the intricate nature of nanomedicines, which often
require extended preclinical and clinical testing. Moreover,
manufacturing nanomedicines presents substantial financial challenges,
as the processes involved are more sophisticated and require rigorous
quality control measures to ensure consistent production. Regulatory
hurdles further increase expenses, with companies needing to conduct
additional safety and efficacy studies to meet stringent approval re-
quirements, followed by ongoing post-market surveillance. Despite these
higher costs, nanomedicines can generate increased revenues through
premium pricing, given their enhanced therapeutic efficacy and reduced
side effects. Successful nanomedicine products can also expand a com-
pany's market share, particularly in oncology, where they offer signifi-
cant advantages over conventional treatments.”!>'® Additionally,
reformulating existing drugs into nanomedicine versions can extend
product lifecycles, maintaining or even boosting revenue as original
patents expire.’’ However, the high cost of these treatments can limit
market adoption, particularly in price-sensitive markets, and pose chal-
lenges for reimbursement by healthcare systems.!"?® Furthermore, the
complex patent landscape surrounding nanomedicines can lead to legal
challenges and increased competition, potentially affecting revenues. To
offset these risks, companies often engage in strategic collaborations and
licensing deals, which can provide additional revenue streams and share
the financial burden of nanomedicine development.”?**° Despite the
challenges, investments in nanomedicines, particularly in emerging
markets, can offer substantial revenue potential, making them a strategic
focus for many pharmaceutical companies.*%1°

Cancer treatment presents a global challenge for individual and
public health, necessitating an investigation into whether nanomedicines
offer an effective clinical return to patients, aligned with their pharma-
cotherapeutic rationale, can overcome barriers faced by conventional
therapies, and can guide the search for more effective treatments against
this disease.!*3%3! Therefore, this study aimed to conduct an integrative
and systematic literature review based on clinical trials to assess the
impact of incorporating nationally approved nanomedicines into anti-
neoplastic treatment, considering the clinical outcomes of efficacy,
safety, and quality of life of cancer patients. This review focused on
nanomedicines that have received regulatory approval for use in Brazil,
thereby providing a targeted analysis relevant to the local clinical land-
scape. This approach guarantees that the findings and discussions are
directly applicable to the Brazilian healthcare system, where regulatory,
economic, and accessibility factors may differ from those in other re-
gions. By concentrating on these specific therapies, we aim to provide
valuable insights and practical guidance for clinicians and policymakers
in Brazil, facilitating the integration of these advanced treatments into
standard oncological practice.
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Materials and methods
Study design and databases

This integrative systematic review was based on a comprehensive
search for scientific publications in the online databases PubMed/MED-
ical Literature Analysis and Retrieval System Online (MEDLINE),
Excerpta Medica Database (EMBASE), and Latin American and Caribbean
Health Sciences Literature (LILACS) between September 2023 and July
2024.

Guiding question

To guide the present study, we formulated the following guiding
question based on the population, intervention, control, and outcomes
(PICO) framework: Does nanomedicine therapy increases the therapeutic
efficacy and/or reduces the toxicity in cancer patients compared to
conventional chemotherapy?

Definition of nanomedicines

Nanomedicines were identified from recent publications,''*?% and
their approval status was verified through the Brazilian National Health
Surveillance Agency (Agencia Nacional de Vigilancia Sanitaria [ANVISA])
using the website https://consultas.anvisa.gov.br/#/medicamentos/.
Only nanomedicines with valid registration at the time of data collection
were included in this meta-analysis.

Search strategy

Given the definition of nanomedicines of interest, publications in
PubMed were identified using the following search strategy: (“Clinical
trial, Phase III” OR “Clinical trials, Phase III as topic” OR “Phase III clinical
trial”) AND (“Neoplasms” OR “Cancer” OR “Leukemia” OR “Lymphoma”)
AND (“Drug Therapy” OR “Antineoplastic Agents”) AND (“Nanotech-
nology” OR “Nanomedicine” OR “Nanoparticles” OR “Nanostructures” OR
“Drug Delivery Systems” OR “Liposomes” OR “PEGylated”) AND (“Doxo-
rubicin” OR “Liposomal Doxorubicin”) OR (“Paclitaxel” OR “Albumin-
Bound Paclitaxel” OR “nab-Paclitaxel”) OR (“Asparaginase” OR “PEGy-
lated asparaginase” OR “Pegaspargase” OR “PEG-asparaginase”) OR
(“Leuprolide” OR “Leuprorelin”) OR (“Mifamurtide” OR “Muramyltripep-
tide phosphatidylethanolamine”). The search in the EMBASE and LILACS
databases used the same descriptors, with Portuguese and Spanish
equivalents applied for the LILACS database. The “Clinical Trials” filter
was used for all databases to further restrict the search.

Inclusion and exclusion criteria

Inclusion criteria for this meta-analysis were articles referring to
multicenter randomized phase III clinical trials that compared the
nanotechnology-based drug/scheme (comparator group) with the tradi-
tional drug/scheme (control group), involving human participants, and
published between 1990 and 2024 in English, Portuguese, and Spanish.
This timeframe was selected to cover the dates of approval of nano-
medicines by the central regulatory agencies. Exclusion criteria comprised
all publications that did not meet the referenced inclusion criteria, those
that were prematurely terminated due to insufficient numbers of partic-
ipants or the occurrence of intolerable toxic effects of therapy, and those
for which the full text was not accessible. PubMed was considered the
primary database, and articles were excluded for duplication by
comparing reports from other databases with those previously collected.

Categorization, evaluation, and interpretation of results

The initial analysis of the selected trials involved a thorough reading
of the articles, followed by the completion of a form capturing the key
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Table 1
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List of nanomedicines for cancer treatment approved by the Brazilian National Health Surveillance Agency (Agéncia Nacional de Vigilancia Sanitaria [ANVISA]).

First approval time, year

Registration time by ANVISA, year Reference

Nanomedicine Therapeutic indications

Pegylated L-asparaginase Acute lymphoblastic leukemia 1994

Paclitaxel bound to albumin Breast cancer 2005
Lung cancer 2012
Pancreatic cancer 2013

Pegylated liposomal doxorubicin Kaposi's sarcoma 1995
Ovarian cancer 1998
Breast cancer 2003
Multiple myeloma 2007

Leuprorelin associated with PLGA Prostate cancer 2002

Liposomal mifamurtide Osteosarcoma 2009

2016 Keating et al.>>

2015 Gradishar et al.**
Harris et al.>*
Moreno-Aspitia and Perez>®
Von Hoff et al.*®

1998 Uziely et al.>”
Northfelt et al.*®
Manochakian et al.*’
Wallrabenstein et al.*

2004 Sharifi et al."!

2012 MacEwen et al.*”

PLGA: Poly lactic-co-glycolic acid.

study characteristics. These included the identification of nanomedicine,
first author, year of publication, location of the primary tumor, number of
participants and randomization, intervention and comparison treat-
ments, doses, treatment administration, and duration, primary and sec-
ondary outcomes, and reported results. The information in the articles
that were not tabulated was considered hypothetically to frame and
substantiate the discussion according to the objectives of this study.

Results and discussion

The survey of chemotherapeutic nanomedicines approved by ANVISA
showed the registration validity of five of these drugs: PLD, paclitaxel
bound to albumin, PEGylated L-asparaginase, liposomal mifamurtide,
and leuprorelin associated with poly lactic-co-glycolic acid (PLGA). The
indications and data of the first approval and registration by ANVISA are
listed in Table 1. Other nanomedicines not identified in the search may
have either lacked approval or had their registrations canceled or expired
without renewal by the Brazilian agency at the time of the data collection
in this study.

Three hundred and three potentially eligible studies were identified
from the initial database searches (PubMed = 105, LILACS = 101, and
EMBASE = 97), none of which were in Portuguese or Spanish. After
removing duplicates, 181 articles remained. A total of 141 articles were
excluded based on their titles or abstracts. The most common reasons for
exclusion were that the studies were not clinical trials and did not include
one of the selected nanomedicines in the comparator group. After eval-
uating 40 full-text articles, 14 were excluded as they were not phase III
multicenter randomized controlled trials, presented preliminary results
of later published full-length trials, or involved comparisons of nano-
medicine use with observation, leaving 26 articles for inclusion in this
study. The flowchart for article selection is shown in Figure 1.

Of the 26 articles selected, 22 focused on clinical trials of PLD,
including 10 in ovarian cancer, five in multiple myeloma, four in breast
cancer, and three in Kaposi's sarcoma (KS); three examined the use of
paclitaxel bound to albumin, including one in breast cancer, one in lung
cancer, and one in pancreatic cancer; and one addressed the benefit of
PEGylated r-asparaginase in acute lymphoblastic leukemia (ALL). No
clinical trials were identified that met the criteria for either leuprorelin

Articles excluded by duplication

v

(n=122)

Articles excluded based on title

or abstract (n = 141)

Articles excluded based for full

> reading (n = 14)

é Articles identified by search in
S databases (n = 303)
el
Potentially relevant articles

g (n=181)
c
g
a

A\ 4
> Articles selected for eligibility
= (n =40)
&

\4
c
% Articles selected for analysis
§ (n=26)

Figure 1. Flowchart of bibliographical research, detailing the identification, screening, and eligibility and selection of articles published between January 1990 and

July 2024.
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associated with PLGA or liposomal mifamurtide; consequently, these
products are excluded from the discussion of the results.

The approval of drugs typically involves several phases of clinical
trials, including phase III, which are generally required to establish a
medication's efficacy and safety before it can be brought to market.
However, there are some nuances and exceptions to this process,
especially in cases where phase III studies may not be mandatory for
approval. Leuprorelin associated with PLGA and liposomal mifamurtide
were approved based on clinical evidence that may have included
phase II trials, prior data from related drugs, or evidence of safety and
efficacy specific to their formulations.?®*>%* While phase III trials are
generally required, regulatory agencies have provisions for using
existing data, particularly for reformulations or rare diseases.'**> This
flexibility enables the provision of new therapeutic options while
balancing the need for comprehensive evidence with practical
considerations.

Leuprorelin associated with PLGA*®7:

e Approval and clinical trials: Leuprolide acetate is a formulation of
leuprorelin associated with PLGA, a luteinizing hormone-releasing
hormone (LHRH) analog used for treating prostate cancer. The orig-
inal leuprolide formulation (Lupron, Abbott Laboratories, Green
Oaks, IL, United States [US]) was approved based on phase III trials.
Leuprolide is a depot formulation that enables extended-release of
leuprolide, allowing for less frequent dosing compared to other for-
mulations, thereby providing greater convenience for patients.
Regulatory pathways: For extended-release formulations such as
leuprorelin associated with PLGA, regulatory agencies may rely on
data from the original drug's phase III trials, supplemented with
additional data from studies specific to the new formulation. If the
extended-release formulation demonstrates similar efficacy and
safety profiles as the existing product, extensive new phase III trials
might not be necessary. Instead, data demonstrating the pharmaco-
kinetics, pharmacodynamics, and safety of the new formulation could
suffice for approval.

Liposomal mifamurtide?®#&4%;

Approval and clinical trials: Liposomal mifamurtide is used in treating
osteosarcoma, a type of bone cancer. It was approved by the European
Medicines Agency (EMA) in 2009 and the U.S. Food and Drug
Administration (FDA) in 2010. The approval was based on clinical
trials demonstrating efficacy and safety; however, the specifics of
these trials may differ from the standard phase III requirements due to
the nature of the drug and the rarity of the disease it targets.
Regulatory flexibility: For treatments of rare diseases or for drugs
where traditional phase III trials pose challenges, regulatory agencies
may accept alternative forms of evidence. For example, liposomal
mifamurtide received approval based on a combination of clinical
trial data and other forms of evidence. In some cases, drugs are
approved based on phase II studies if the results are compelling and
other data supports their efficacy and safety.>®

Both the FDA and EMA have programs for accelerated approval that
can allow drugs to be approved based on phase II data or other clinical
evidence, particularly for serious or life-threatening conditions where
few alternatives exist. This is based on the premise that the benefits
outweigh the risks and that further studies will validate the drug's clinical
benefit. For drugs, such as leuprorelin associated with PLGA, which are
reformulations of existing drugs, the regulatory agencies might rely on
prior data from the original drug and additional data specific to the new
formulation. This approach can streamline the approval process while
still ensuring safety and efficacy.?%%°0:51

Table 2 and Figure 2 summarize the characteristics of the clinical
trials included in this systematic review, detailing the authors’ identifi-
cation data, publication year, evaluated nanomedicine, cancer type,
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participant distribution, treatment conditions for the intervention and
control groups, primary and secondary outcomes, and the main results.

Approved nanomedicines

PEGylated 1-asparaginase

L-asparaginase is a naturally occurring enzyme expressed by micro-
organisms, and was the first approved therapeutic enzyme with anti-
neoplastic properties, serving as a universal tool for the treatment of ALL
in pediatric patients.”> PEGylated Escherichia coli L-asparaginase (PEGy-
lated 1-asparaginase or polyethylene glycol [PEG]-asparaginase) was
developed to overcome some of the limitations of native E. coli -aspar-
aginase, such as short half-life, immunogenicity, and the need for intra-
muscular administration; structurally, it is a tetrameric enzyme
covalently conjugated to monomethoxy polyethylene glycol (mPEG).%
The FDA approved it in 1994 as an alternative for patients with hyper-
sensitive reactions to r-asparaginase and later in 2006 as a first-line
treatment for ALL.?

PEGylated 1-asparaginase for the treatment of acute lymphoblastic
leukemia. The Dana-Farber Cancer Institute Acute Lymphoblastic Leu-
kemia Consortium Protocol 05-001 (DFCI 05-001) compared the relative
toxicity and efficacy of PEGylated r-asparaginase and native r-aspar-
aginase in 463 children and adolescents newly diagnosed with ALL be-
tween 2005 and 2010 in 11 centers in the US and Canada.>” The results
indicated that PEGylated i-asparaginase was not associated with
increased toxicity compared to the native i-asparaginase, showing
overall frequencies of 28% and 26%, respectively (P = 0.060) and no
significant difference in individual allergy frequency (P 0.360).
Additionally, intravenous PEGylated 1-asparaginase did not demonstrate
superior 5-year disease-free survival rates, with 90% (95% confidence
interval [CI] = 86-94) for patients treated with intravenous PEGylated
L-asparaginase compared to 89% (95% CI = 85-93) for those treated with
native intramuscular 1-asparaginase (P = 0.580).

Conversely, intravenous PEGylated ir-asparaginase was associated
with reduced treatment-related anxiety compared to native intramus-
cular r-asparaginase and offered a more convenient administration
schedule. In addition, it achieved significantly higher median nadir levels
of serum enzyme activity at all measured time points than native intra-
muscular r-asparaginase did, without increasing incidence of
asparaginase-related complications, such as pancreatitis (P = 0.550) and
bleeding or thrombotic events (P = 0.260). This suggests that a lower
dose of PEGylated 1-asparaginase may offer similar efficacy at a reduced
cost. Thus, the authors recommended intravenous PEGylated 1-aspar-
aginase as the first-line treatment for the pediatric population with
ALL.>?

PEGylated 1-asparaginase represents a significant advancement in the
treatment of ALL, particularly in pediatric populations. PEGylating L-
asparaginase exhibits a prolonged half-life and reduces immunogenicity
in comparison to native r-asparaginase, resulting in fewer allergic re-
actions and more convenient dosing schedules. This has led to its adop-
tion as a key component of ALL treatment protocols, contributing to
improved event-free survival rates.”>>’> However, despite its advan-
tages, PEGylated ir-asparaginase presents challenges, particularly con-
cerning its toxicity profile, including hepatotoxicity, pancreatitis, and
thromboembolic events. Future research should focus on understanding
the mechanisms underlying PEGylated r-asparaginase-related toxicities
and on developing strategies to predict and mitigate these adverse ef-
fects. This could include refining dosing strategies or identifying patient
subgroups at higher risk. While PEGylated r-asparaginase has simplified
treatment with less frequent dosing, further studies could explore opti-
mizing dosing schedules to balance efficacy and safety, especially in
high-risk or older patient populations. Investigating the potential of
PEGylated r-asparaginase in other hematological malignancies or as part
of combination therapies in resistant forms of ALL, could expand its
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Table 2

Summary of selected clinical trials.

Nanomedicine Authors Type of cancer Randomization Treatment Endpoints Study ID
PEGylated 1-asparaginase Place et al.>? Acute lymphoblastic 463 patients (native r-asparaginase de E. coli, PEGylated 1-asparaginase 15 doses of 2500 Primary endpoint: Toxicity NCT00400946
leukemia n = 231; PEGylated 1-asparaginase, n = 232) 1U/m? IV every 2 weeks vs. E. coli native Secondary endpoints: Disease-free
1-asparaginase 30 doses of 25,000 IU/m?IM per  survival, nadir of serum
week asparaginase activity, quality of
life, overall survival, and event-
free survival
Paclitaxel bound to Gradishar et al.>* Metastatic breast cancer 454 patients (paclitaxel bound to albumin, n = 229;  Paclitaxel bound to albumin 260 mg/m? IV Primary endpoint: Overall NCT00046527
albumin paclitaxel standard, n = 225) over 30 min without corticosteroid or response rate
antihistamine premedication vs. standard Secondary endpoints: Time to
paclitaxel 175 mg/m? IV over 3 h with tumor progression, overall
premedication survival, and quality of life
Paclitaxel bound to Socinski et al.>* Advanced non-small cell 1.052 patients (paclitaxel bound to Paclitaxel bound to albumin 100 mg/m?, Primary endpoint: Overall NCT00540514
albumin lung cancer albumin + carboplatin, n = 521; 30 min infusion on days 1, 8, and response rate
paclitaxel + carboplatin, n = 531) 15 + carboplatin AUC 6 mg-mL-min"' onday ~ Secondary endpoints: Progression-
1 every 3 weeks vs. paclitaxel 200 mg/m2 3h free survival, overall survival, and
infusion + carboplatin AUC 6 mg-mL™-min?, incidence of treatment-related
both given every 3 weeks adverse events
Paclitaxel bound to Von Hoff et al.® Metastatic pancreatic 861 patients (paclitaxel bound to Paclitaxel bound to albumin 125 mg/m? body Primary endpoint: Overall survival =~ NCT00844649
albumin adenocarcinoma albumin + gemcitabine, n = 431; gemcitabine, surface area followed by gemcitabine 1000 Secondary endpoints: Progression-
n = 430) mg/m? on days 1, 8, and 15 every 4 weeks vs. free survival and overall response
monotherapy with gemcitabine 1000 mg/m? rate
weekly for 7 of 8 weeks (cycle 1) and then on
days 1, 8 and 15 every 4 weeks (cycle 2 and
subsequent cycles)
PEGylated liposomal Stewart et al.>* AIDS-related Kaposi's 241 patients (PEGylated liposomal doxorubicin, PEGylated liposomal doxorubicin 20 mg/m? vs. Primary endpoint: Responses to NCT00002105
doxorubicin sarcoma n = 121; bleomycin + vincristine, n = 120) bleomycin 15 IU/m? + vincristine 2 mg every 3 therapy (complete clinical
weeks for six cycles response, partial response,
progressive disease, and stable
disease)
Secondary endpoint: Toxicity
PEGylated liposomal Northfelt et al.>® AIDS-related Kaposi's 258 patients (PEGylated liposomal doxorubicin, PEGylated liposomal doxorubicin 20 mg/m? vs. Primary endpoint: Responses to NCT00002318
doxorubicin sarcoma n = 133; doxorubicin + bleomycin + vincristine, doxorubicin 20 mg/m? + bleomycin therapy (complete clinical
n=125) 10 mg/m? + vincristine 1 mg every 14 days forsix ~ response, partial response,
cycles progressive disease, and stable
disease)
Secondary endpoint: Toxicity
PEGylated liposomal Osoba et al.”® AIDS-related Kaposi's 258 patients (PEGylated liposomal doxorubicin, PEGylated liposomal doxorubicin 20 mg/m?vs.  Primary endpoint: Health-related NCT00002318
doxorubicin sarcoma n = 133; doxorubicin -+ bleomycin + vincristine, doxorubicin 20 mg/m? + bleomycin quality of life
n=125) 10 mg/m? + vincristine 1 mg every 14 days for
six cycles
PEGylated liposomal Dimopoulos Symptomatic multiple 259 patients Vincristine 0.4 mg IV + doxorubicin 9 mg/m? Primary endpoint: Overall NCT02471820
doxorubicin et al.>® myeloma (vincristine + doxorubicin + dexamethasone, IV + dexamethasone 40 mg orally daily for 4 response rate and toxicity
n = 127; vincristine + PEGylated liposomal consecutive days vs. vincristine 2 mg
doxorubicin + dexamethasone, n = 132) IV + PEGylated liposomal doxorubicin
40 mg/m? IV on day 1 + dexamethasone 40 mg
orally daily for 4 days. The two regimens were
administered every 28 days for four cycles, and
in cycles 1 and 3, in both arms, dexamethasone
was also administered on days 9-12 and 17-20
PEGylated liposomal Rifkin et al.”” Newly diagnosed 192 patients PEGylated liposomal doxorubicin Primary endpoints: Objective NCT04782687

doxorubicin

multiple myeloma

(vincristine + doxorubicin + dexamethasone,
n = 95; vincristine + PEGylated liposomal
doxorubicin + dexamethasone, n = 97)

40 mg/m? + vincristine 1.4 mg/m? maximum,
2.0 mg IV on day 1 + dexamethasone 40 mg
orally daily for 4 days vs. vincristine 0.4 mg per
day + doxorubicin conventional 9 mg/m? per
day IV continuous on days

response rate, toxicity, and clinical
benefit

Secondary endpoints: Time to
disease progression, overall
survival, safety, and tolerability

(continued on next page)
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Table 2 (continued)

Nanomedicine

Authors

Type of cancer Randomization Treatment Endpoints Study ID
1-4 + dexamethasone 40 mg PO. Treatment
was repeated every 4 weeks for at least four
cycles
PEGylated liposomal Orlowski et al.>® Relapsing or refractory 646 patients (bortezomib, n = 322; Bortezomib 1.3 mg/m? IV on days 1, 4, 8, and Primary endpoint: Time to tumor NCT00237627
doxorubicin multiple myeloma bortezomib + PEGylated liposomal doxorubicin, 11 of a cycle every 21 days vs. bortezomib progression
n=324) (1.3 mg/m2 IV) on days 1, 4, 8, and Secondary endpoints: Overall
11 + PEGylated liposomal doxorubicin survival, progression-free survival,
30 mg/m? on day 4. Treatment was continued overall response rate, and safety
until disease progression, unacceptable
treatment-related toxicity, or up to eight cycles
PEGylated liposomal Sonneveld et al.°®  Relapsing or refractory 646 patients (bortezomib, n = 322; Bortezomib 1.3 mg/m? IV on days 1, 4, 8, and Primary endpoint: Time to tumor NCT00002878
doxorubicin multiple myeloma bortezomib + PEGylated liposomal doxorubicin, 11 of a cycle every 21 days vs. bortezomib progression
n = 324) (1.3 mg/m? IV) on days 1, 4, 8, and Secondary endpoints: Overall
11 + PEGylated liposomal doxorubicin survival, overall response rate, and
30 mg/m? on day 4. Treatment was continued safety
until disease progression, unacceptable
treatment-related toxicity, or up to eight cycles
PEGylated liposomal Orlowski et al.*® Relapsing or refractory 646 patients (bortezomib, n = 322; Bortezomib 1.3 mg/m? IV on days 1, 4, 8, and Primary endpoint: Time to tumor NCT00103506
doxorubicin multiple myeloma bortezomib + PEGylated liposomal doxorubicin, 11 of a cycle every 21 days vs. bortezomib progression
n = 324) (1.3 mg/m? IV) on days 1, 4, 8, and Secondary endpoints: Overall
11 + PEGylated liposomal doxorubicin survival, progression-free survival,
30 mg/m? on day 4. Treatment was continued and overall response rate
until disease progression, unacceptable
treatment-related toxicity, or up to eight cycles
PEGylated liposomal Keller et al.®* Taxane-refractory 301 patients (PEGylated liposomal doxorubicin, PEGylated liposomal doxorubicin 50 mg/m? Primary endpoint: Progression- NA
doxorubicin advanced breast cancer n = 150; vinorelbine or mitomycin C + vinblastine,  every 28 days vs. vinorelbine 30 mg/m? weekly ~ free survival
n=151) or mitomycin C 10 mg/m? day 1 and every 28 Secondary endpoints: Overall
days + vinblastine 5 mg/m? day 1, day 14, day  survival, overall response rate,
28, and day 42, every 6-8 weeks duration of response, event-free
survival, tolerability, health-
related quality of life, and clinical
benefit
PEGylated liposomal O'Brien et al.® Metastatic breast cancer 509 women (PEGylated liposomal doxorubicin, PEGylated liposomal doxorubicin 50 mg/m?> Primary endpoints: Progression- NA
doxorubicin n = 254; doxorubicin, n = 255) every 4 weeks vs. doxorubicin 60 mg/m? every  free survival and cardiotoxicity
3 weeks Secondary endpoints: Overall
survival, overall response rate,
tolerability, and utilization of
health resources
PEGylated liposomal Sparano et al.®® Advanced breast cancer 751 patients (docetaxel, n = 373; PEGylated Docetaxel 75 mg/m? vs. PEGylated liposomal Primary endpoint: Time to NCT00091442
doxorubicin previously treated liposomal doxorubicin + docetaxel, n = 378) doxorubicin 30 mg/m? + docetaxel 60 mg/m? progression
with anthracycline every 21 days and continued until disease Secondary endpoints: Overall
progression or prohibitive toxicity survival, objective response rate,
progression-free survival, time to
first response, and duration of
response
PEGylated liposomal Harbeck et al.® Metastatic breast cancer 210 patients (PEGylated liposomal doxorubicin, PEGylated liposomal doxorubicin 50 mg/m?> Primary endpoint: Time to NCT01817452
doxorubicin n = 105; capecitabine, n = 105) every 28 days vs. capecitabine 1250 mg/m? progression
twice daily for 14 days every 21 days. Secondary endpoints: Overall
Treatment continued until disease progression response rate, overall survival,
or unacceptable toxicity time to treatment failure, quality
of life, and safety
PEGylated liposomal Gordon et al.®® Recurrent and refractory 474 patients (PEGylated liposomal doxorubicin, PEGylated liposomal doxorubicin 50 mg/m?, Primary endpoint: Time to NCT00057720

doxorubicin

epithelial ovarian cancer

n = 239; topotecan, n = 235)

1 h infusion every 4 weeks vs. topotecan
1.5 mg-m2.d! for 5 consecutive days every
3 weeks

progression

Secondary endpoints: Overall
survival, response rate, time to
response, duration of response,
safety, and toxicity
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Table 2 (continued)

Nanomedicine

Authors Type of cancer Randomization Treatment Endpoints Study ID
PEGylated liposomal Pujade-Lauraine Late-relapse platinum- 976 patients (PEGylated liposomal Carboplatin AUC 5 + PEGylated liposomal Primary endpoint: Progression- NCT00189553
doxorubicin et al.®® sensitive ovarian cancer doxorubicin + carboplatin, n = 467; doxorubicin 30 mg/m? every 4 weeks vs. free survival
carboplatin + paclitaxel, n = 509) carboplatin AUC 5 + paclitaxel 175 mg/m? Secondary endpoints: Toxicity,
every 3 weeks for at least six cycles quality of life, and overall survival
PEGylated liposomal Kurtz et al.%” Platinum-sensitive 157 patients (PEGylated liposomal Carboplatin AUC 5 + PEGylated liposomal Primary endpoints: Toxicity and NCT00189553
doxorubicin recurrent ovarian cancer doxorubicin + carboplatin, n = 71; doxorubicin 30 mg/m? every 4 weeks vs. efficacy
carboplatin + paclitaxel, n = 86) carboplatin AUC 5 + paclitaxel 175 mg/m? Secondary endpoints: Severe
every 3 weeks for at least six cycles toxicity, quality of life, and safety
PEGylated liposomal Pignata et al.®® Advanced ovarian cancer 820 patients (PEGylated liposomal Carboplatin AUC 5 + PEGylated liposomal Primary endpoints: Progression- NCT00326456
doxorubicin doxorubicin + carboplatin, n = 410; doxorubicin 30 mg/m? every 4 weeks vs. free survival
carboplatin + paclitaxel, n = 410) carboplatin AUC 5 + paclitaxel 175 mg/m? Secondary endpoints: Overall
every 3 weeks for at least six cycles survival, treatment activity,
toxicity, and quality of life
PEGylated liposomal Joly et al.®” Recurrent ovarian cancer 976 patients (PEGylated liposomal Carboplatin AUC 5 + PEGylated liposomal Primary endpoint: Progression- NCT00189553
doxorubicin doxorubicin + carboplatin, n = 467; doxorubicin 30 mg/m? every 4 weeks vs. free survival
carboplatin + paclitaxel, n = 509) carboplatin AUC 5 + paclitaxel 175 mg/m? Secondary endpoint:
every 3 weeks for at least six cycles Hypersensitivity reactions
PEGylated liposomal Brundage Ovarian cancer 976 patients (PEGylated liposomal Carboplatin AUC 5 + PEGylated liposomal Primary endpoint: Health-related NCT00538603
doxorubicin etal”® doxorubicin + carboplatin, n = 467; doxorubicin 30 mg/m? every 4 weeks vs. quality of life
carboplatin + paclitaxel, n = 509) carboplatin AUC 5 + paclitaxel 175 mg/m?
every 3 weeks for at least six cycles
PEGylated liposomal Gladieff et al.”* Partially platinum- 344 patients (PEGylated liposomal Carboplatin AUC 5 + PEGylated liposomal Primary endpoint: Progression- NCT01281254
doxorubicin sensitive ovarian cancer doxorubicin + carboplatin, n = 183; doxorubicin 30 mg/m? every 4 weeks vs. free survival
carboplatin + paclitaxel, n = 161) carboplatin AUC 5 + paclitaxel 175 mg/m? Secondary endpoint: Security
every 3 weeks for at least six cycles
PEGylated liposomal Wagner et al.”? Platinum-sensitive 976 patients (PEGylated liposomal Carboplatin AUC 5 + PEGylated liposomal Primary endpoint: Progression- NCT00538603
doxorubicin ovarian cancer doxorubicin + carboplatin, n = 467; doxorubicin 30 mg/m? every 4 weeks vs. free survival
carboplatin + paclitaxel, n = 509) carboplatin AUC 5 + paclitaxel 175 mg/m> Secondary endpoints: Overall
every 3 weeks for at least six cycles survival and safety
PEGylated liposomal Mahner et al.”® Platinum very sensitive 259 patients (PEGylated liposomal Carboplatin AUC 5 + PEGylated liposomal Primary endpoint: Progression- NCT00189553
doxorubicin ovarian cancer doxorubicin + carboplatin, n = 128; doxorubicin 30 mg/m? every 4 weeks vs. free survival
carboplatin + paclitaxel, n = 131) carboplatin AUC 5 + paclitaxel 175 mg/m? Secondary endpoints: Overall
every 3 weeks for at least six cycles survival and safety
PEGylated liposomal Pfisterer et al.”* Platinum-sensitive 682 patients (carboplatin + PEGylated liposomal Bevacizumab 15 mg/kg, day 1 + carboplatin Primary endpoint: Progression- NCT01837251

doxorubicin

recurrent ovarian cancer

doxorubicin + bevacizumab, n = 345;
carboplatin + gemcitabine + bevacizumab,
n = 337)

AUC 4, day 1 + gemcitabine 1000 mg/m?, days
1 and 8 every 3 weeks vs. bevacizumab 10
mg/kg, days 1 and 15 + carboplatin AUC 5, day
1 + PEGylated liposomal doxorubicin

30 mg/m? day 1 every 4 weeks for six cycles,
both followed by maintenance bevacizumab
15 mg/kg every 3 weeks in both groups

free survival

Secondary endpoints: Overall
survival, progression-free survival,
quality of life, safety, and
tolerability

AIDS: Acquired immune deficiency syndrome; AUC: Area under the curve; E. coli: Escherichia coli; IM: Intramuscular; IU: International unit; IV: Intravenous; NA: Not applicable; no: Number; PO: Per os.
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Pegylated liposomal doxorubicin
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= Enhanced effectiveness

= Reduced toxicity

= Overall survival

= Effective combination with other drugs
= |mproved patients’ compliance
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Figure 2. Recorded main outcomes of cancer nanomedicines described in the articles selected and discussed in Table 2, highlighting the percentage of improvements
reported for the three types of nanomedicines regarding effectiveness, reduced toxicity, overall survival, efficacy in combination with other drugs, and pa-

tients' compliance.

clinical utility. Identifying biomarkers for hypersensitivity or resistance
to pegylated r-asparaginase could facilitate personalized treatment,
ensuring that patients receive the most effective and least toxic therapies
tailored to their individual risk profiles.'>!”-*! Ongoing surveillance of
long-term outcomes, particularly in pediatric patients, will be instru-
mental for understanding the impact of pegylated r-asparaginase on
overall survival (OS) and quality of life, including its effects on late-onset
toxicities and the risk of secondary malignancies.

Paclitaxel bound to albumin

Paclitaxel is a semi-synthetic chemotherapeutic agent from the taxane
class. Its precursor is isolated from Taxus brevifolia, i.e., the bark of the
Pacific yew tree, which is used to treat several types of cancer. Its
mechanism of action is based on the stabilization of microtubules, pre-
venting cell proliferation in metaphase/anaphase. Although it is a highly
efficient chemotherapeutic drug, paclitaxel has several side effects,
including peripheral neuropathy, neutropenia, myalgia, arthralgia, and
hypersensitivity.>° Thus, the formulation of paclitaxel bound to albumin
nanoparticles (nab-paclitaxel or paclitaxel bound to albumin) was
developed to improve the therapeutic efficacy and toxicity of the drug
compared to conventional paclitaxel formulations,>’ being approved for
the treatment of metastatic breast cancer (MBC) in 2005, non-small cell
lung cancer (NSCLC) in 2012, and pancreatic cancer in 2013.7°

Paclitaxel bound to albumin for breast cancer treatment. A multi-center (70
centers), international (five countries) phase IIl randomized clinical trial
was conducted between 2001 and 2002 in 454 patients with MBC,
comparing paclitaxel bound to albumin with standard oil-based poly-
ethoxylated castor oil paclitaxel in terms of overall response rate (ORR),
time to progression (TTP), OS, and quality of life.>

The study revealed that paclitaxel bound to albumin was superior to
the standard of care, paclitaxel, in terms of both TTP and ORR in patients
with MBC. The ORR of paclitaxel bound to albumin was superior across
all patients (33% vs. 19%; P = 0.001), in patients receiving the study drug
as first-line (42% vs. 27%; P = 0.029) or second-line (27% vs. 13%;
P = 0.006) therapy, in patients with prior anthracycline exposure (34%
vs. 18%; P = 0.002), patients aged <65 years (34% vs. 19%; P = 0.001),
older patients (34% vs. 19%; P = ns), and patients with poor prognostic
factors, including visceral tumor involvement (34% vs. 19%; P = 0.002).

The median TTP for all patients was substantially greater in the
paclitaxel bound to the albumin-treated group than in the standard
paclitaxel arm (23.0 vs. 16.9 weeks, respectively; with a hazard ratio
[HR] of 0.75; P = 0.006). Furthermore, patients receiving paclitaxel
bound to albumin as second-line or subsequent therapy, whose clinical
trajectory would be minimally influenced by further therapies,

experienced a notable extension in survival, with a 28% reduction in
mortality risk. In the evaluation of OS, while no survival difference was
observed in first-line patients, a statistically significant difference was
observed in individuals receiving paclitaxel bound to albumin compared
to conventional paclitaxel as second-line or subsequent therapy (56.4 vs.
46.7 weeks; HR = 0.73; P = 0.024).%

In terms of adverse events, patients treated with paclitaxel bound to
albumin experienced significantly fewer grade 4 neutropenia (9% vs. 22%;
P =0.001), even at asignificantly higher dose. However, the occurrence of
grade 3 sensory neuropathy was greater with paclitaxel bound to albumin
than with standard paclitaxel (10% vs. 2%; P = 0.001). Furthermore, hy-
persensitive reactions resulting from paclitaxel linked to albumin were not
observed, despite the lack of premedication with corticosteroids or anti-
histamines and the reduced injection duration (30 min vs. 3 h). Consistent
with the safety data, no difference in quality of life was observed between
the two treatment cohorts, despite the elevated dosage administered to the
group receiving paclitaxel bound to albumin. Thus, the authors noted that
paclitaxel bound to albumin demonstrates improved efficacy and favor-
able safety compared to standard paclitaxel, allowing for higher doses and
significantly enhancing treatment outcomes without compromising
quality of life or patient safety, making it a major advancement in the
treatment of MBC.>

Paclitaxel bound to albumin for lung cancer treatment. A large study con-
ducted in six countries involving 1052 patients with NSCLC compared
the efficacy and safety of paclitaxel bound to albumin vs. standard
paclitaxel, both associated with carboplatin, between 2007 and 2009.5>

Independent analysis of the outcomes showed that paclitaxel bound
to albumin exhibited a significantly higher ORR than the standard
paclitaxel (33% vs. 25%) with a response rate ratio of 1.313, (95%
CI =1.082-1.593; P = 0.005), and demonstrated efficacy in patients with
squamous histology (41% vs. 24%) with a response rate ratio of 1.680
(95% CI = 1.27-2.221; P < 0.001). Moreover, paclitaxel bound to al-
bumin demonstrated approximately 10% improvement in progression-
free survival (PFS) (median 6.3 vs. 5.8 months; HR = 0.902; 95%
CI = 0.767-1.060; P = 0.214) and OS (median 12.1 vs. 11.2 months;
HR = 0.922; 95% CI = 0.797-1.066; P = 0.271), with statistically sig-
nificant results in patients aged >70 years with squamous cell carcinoma
in the US.>®

In terms of treatment toxicity, paclitaxel bound to albumin showed
significantly lower rates of grade 3 neuropathy, neutropenia, arthralgia,
and myalgia. However, it was associated with higher instances of
thrombocytopenia and anemia, which were effectively managed during
the study. The authors concluded that paclitaxel bound to
albumin + carboplatin regimen presents a favorable benefit-risk profile
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compared to standard paclitaxel as first-line treatment for all patients
with advanced NSCLC.

Paclitaxel bound to albumin for pancreatic cancer treatment. An interna-
tional (11 countries), multi-center (151 centers), open-label, randomized
phase III study evaluated the efficacy and safety of the combination of
paclitaxel bound to albumin and gemcitabine compared to gemcitabine
monotherapy in 861 patients with metastatic pancreatic cancer between
2009 and 2012.° The results revealed a median OS of 8.5 months for the
paclitaxel bound to albumin + gemcitabine group compared to 6.7
months in the gemcitabine group (HR for death 0.72; 95%
CI = 0.62-0.83; P < 0.001). The 1- and 2-year survival rates were
significantly higher in the paclitaxel bound to albumin + gemcitabine
group than in the gemcitabine group (35% vs. 22% at 1 year and 9% vs.
4% at 2 years, respectively). The median PFS was 5.5 months in the
abraxane + gemcitabine arm compared to 3.7 months in the gemcitabine
arm (HR for disease progression or death = 0.69; 95% CI = 0.58-0.82;
P < 0.001). The ORR was significantly higher with paclitaxel bound to
albumin + gemcitabine than with gemcitabine (23% [95% CI = 19-27]
vs. 7% [95% CI = 5-10]; P < 0.001), as was the rate of disease control
(P < 0.001).

The most common non-hematological adverse events of grade >3
reported with paclitaxel bound to albumin + gemcitabine vs. gemcita-
bine were peripheral neuropathy (17% vs. 1%), fatigue (17% vs. 7%), and
diarrhea (6% vs. 1%). The most common treatment-emergent hemato-
logical adverse events were leukopenia (31% vs. 16%) and neutropenia
(38% vs. 27%). The incidence of anemia and thrombocytopenia was
similar in both groups. However, despite the higher incidence of adverse
events, these appeared to be reversible over the course of the study. The
results of this study therefore support the use of paclitaxel bound to al-
bumin in combination with gemcitabine in the first-line treatment of
patients with metastatic pancreatic adenocarcinoma.®

Paclitaxel bound to albumin has revolutionized the delivery of
paclitaxel by eliminating the need for toxic solvents,*>>’!74 leading to a
better safety profile and enhanced delivery to tumor tissues. Its approval
across multiple cancer types, including breast cancer, pancreatic cancer,
and NSCLC, underscores its broad utility. The albumin-bound nano-
particle formulation improves drug solubility and enhances tumor
penetration via receptor-mediated transport. While paclitaxel bound to
albumin has demonstrated significant improvements in the PFS and OS in
several cancers, the benefits can vary depending on tumor biology and
the presence of specific resistance mechanisms. However, understanding
and overcoming resistance mechanisms to nab-paclitaxel should be a
priority, as these can limit the drug's efficacy in certain patient pop-
ulations. Leveraging paclitaxel bound to albumin in combination with
other chemotherapeutics, targeted therapies, or immunotherapies could
enhance its efficacy and broaden its applicability.®'®*° Developing
predictive biomarkers for patient stratification could optimize therapy
with paclitaxel bound to albumin, ensuring its use in patients most likely
to benefit. Additionally, exploring alternative nanoparticle carriers or
dual-drug loading strategies may further enhance drug delivery and
therapeutic outcomes for paclitaxel.

Pegylated liposomal doxorubicin

Doxorubicin (or adriamycin) is a broad-spectrum antitumor agent of
the anthracycline class that is widely used to treat several types of cancer,
including breast, bladder, lung, stomach, ovarian, thyroid, multiple
myeloma soft tissue sarcoma, and Hodgkin's lymphoma.”” However, the
therapeutic benefits of doxorubicin are limited by the high number of
adverse effects, particularly the high risk of cardiotoxicity.”

The formulation of PLD (Doxil®, Tibotec Therapeutics, a division of
Ortho Biotech Products, L.P., Bridgewater, NJ, USA US) was developed
by encapsulating the drug in a lipid nanoparticle (liposome) coated with
mPEG to overcome the cardiotoxicity of the drug and improve its phar-
macokinetic profile.?® Doxil® was recognized as the first
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nanoparticle-based anticancer drug to receive clinical approval from the
EMA and FDA in 1995, for the treatment of KS associated with acquired
immune deficiency syndrome (AIDS), and latter for recurrent ovarian
cancer in 1998, MBC in 2003, and multiple myeloma in 2007.%*

Pegylated liposomal doxorubicin for breast cancer treatment. The first ran-
domized controlled phase III trial evaluating the effects of PLD in 301
patients with taxane-refractory advanced breast cancer compared to the
rescue regimens of vinorelbine or mitomycin C + vinblastine, commonly
used in this scenario, showed interesting results.®’ The PFS, OS, and
health-related quality of life (HQL) comprised the outcomes assessed by
the authors. The PFS and OS were similar between the PLD and
comparator (PFS: HR = 1.26; 95% CI = 0.98-1.62; P = 0.110; median,
2.9 months [PLD] and 2.5 months [comparator]; OS: HR, 1.05; 95%
CI = 0.82-1.33; P = 0.710; median, 11.0 months [PLD] and 9.0 months
[comparator]).

The most common adverse events in patients treated with PLD or the
comparator group were fatigue (9%-20%), nausea (23%-31%) and vom-
iting (17%-20%), with no statistically significant differences between the
groups. In addition, patients treated with PLD frequently experienced
palmoplantar erythrodysesthesia (37%) and stomatitis (22%). Conversely,
constipation (16%), neutropenia (14%), and neuropathy (11%) were more
common with vinorelbine, while alopecia was low in both groups (3% and
5%). The authors concluded that PLD is a useful palliative treatment for
women with taxane-refractory, significantly pretreated, advanced breast
cancer as it has comparable efficacy to standard rescue regimens without
causing significant myelosuppression and neuropathy, in addition to the
convenience of a monthly infusion.®!

PLD was also compared to conventional doxorubicin as a first-line
treatment for MBC in a multicenter study involving 509 patients.®? Re-
sults demonstrated that PLD provided comparable efficacy to doxorubicin
(PFS = 6.9 vs. 7.8 months, respectively; HR = 1.00; 95% CI = 0.82-1.22;
and OS = 21 vs. 22 months; HR = 0.94; 95% CI = 0.74-1.19), with reduced
incidence of cardiotoxicity (HR = 3.16; 95% CI = 1.58-6.31; P < 0.001),
myelosuppression (4% vs. 10%), and vomiting (19% vs. 31%) and alopecia
(general, 20% vs. 66%; pronounced, 7% vs. 54%), although effects such as
palmoplantar erythrodysesthesia (48% vs. 2%), stomatitis (22% vs. 15%)
and mucositis (23% vs. 13%) were more frequently associated with PLD
than with doxorubicin.

A large study across 143 centers in 19 countries was conducted to
compare the use of combined PLD and docetaxel vs. docetaxel mono-
therapy for prolonging time to disease progression and incidence of
cardiotoxicity in 751 women with advanced breast cancer who had
relapsed at least 1 year after prior use of adjuvant or neoadjuvant
anthracycline therapy.> The results showed that treatment with
PLD + docetaxel significantly improved median TTP from 7.0 to 9.8
months (HR = 0.65; 95% CI = 0.55-0.77; P < 0.001) and increased ORR
from 26% to 35% (P < 0.001), while OS did not differ between the two
groups (HR = 1.02; 95% CI = 0.86-1.22). The incidence of grade 3 or 4
adverse events was similar (78% vs. 72%), despite the observed higher
incidence of palmoplantar erythrodysesthesia (24% vs. 0%) and muco-
sitis/stomatitis (12% vs. 1%) with the PLD + docetaxel combination
therapy. However, symptomatic cardiac events were reported in 5% and
4% of the treatment groups, demonstrating that PLD + docetaxel com-
bination therapy improves clinical results compared to docetaxel mon-
otherapy without increasing the risk of cardiotoxicity in this specific
patient population.

More recently, the PELICAN study evaluated, between 2006 and
2010, the use of PLD vs. capecitabine as first-line therapy for MBC in 210
patients who were ineligible for endocrine therapy or trastuzumab with a
median TTP as the primary endpoint.®* The results did not demonstrate
superiority in the efficacy of PLD compared to capecitabine in patients
with MBC, as reflected by the TTP (6.0 vs. 6.1 months; HR = 1.08; 95%
CI = 0.76-1.54; P = 0.670) and OS (23.3 vs. 26.8 months; HR = 1.12;
P =0.530).
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In terms of adverse events, patients receiving PLD had a higher
incidence of leukopenia of any grade (38% vs. 17%; P = 0.002), alopecia
(28% vs. 10%; P = 0.002), constipation (26% vs. 10%; P = 0.005), and
stomatitis (40% vs. 17%; P < 0.001), while patients receiving capecita-
bine had higher rates of diarrhea (43% vs. 16%; P < 0.001), pulmonary
embolism (6% vs. 0%; P = 0.040), and thromboembolism of any grade
(17% vs. 2%). Serious adverse events were also more common in the
capecitabine arm. Despite these findings, no statistically significant dif-
ference was observed between the two regimens in patients’ quality of
life. The authors concluded that both PLD and capecitabine are active,
effectéze, and relatively well-tolerated first-line treatment options for
MBC.

PEGylated liposomal doxorubicin for the treatment of multiple myeloma. A
landmark multicenter study conducted in Greece evaluated the replace-
ment of doxorubicin with PLD in the standard vincristine, doxorubicin,
and dexamethasone (VAD) regimen as first-line therapy for multiple
myeloma.>® The study enrolled 259 patients between 1999 and 2001.
The results showed no statistical significance between the objective
response rates (61.4% and 61.3% for patients treated with standard VAD
and VAD with PLD, respectively). The mean TTP for responders was
23.93 months (95% CI = 16.92-30.94) for standard VAD and 24.30
months (95% CI = 16.76-31.84) for VAD with PLD (P = 0.580).

The hematological and non-hematological toxicities were mild and
evenly distributed between the two treatment groups, except for bald-
ness, which occurred more frequently with regular VAD, and palmo-
plantar erythrodysesthesia, which was more prevalent with VAD
combined with PLD. The multicenter study demonstrated that both
standard VAD and VAD with PLD can be administered to patients on an
outpatient basis, ensuring equitable access to prompt intervention for
numerous patients with symptomatic multiple myeloma.>®

Another multicenter research involving 192 patients between 2001
and 2003 demonstrated that PLD as a component of the VAD regimen
reduced the toxic effects of chemotherapy, such as grade 3/4 neutropenia
or neutropenic fever (10% vs. 24%; P = 0.010). It significantly decreased
the need for supportive care, with a lower incidence of sepsis, less anti-
biotic use, reduced need for central venous access (P < 0.001), and less
alopecia (20% vs. 44%; P < 0.001), while maintaining comparable ORRs
(44% vs. 41%), PFS (HR = 1.11; P = 0.690) and OS (HR = 0.88;
P = 0.670) to conventional doxorubicin in newly diagnosed multiple
myeloma. The findings highlighted an improvement in the clinical use-
fulness of the therapy, providing opportunities for transplantation.””

A robust investigation involving 646 patients from 123 centers be-
tween 2004 and 2006 evaluated the addition of PLD to standard therapy
with bortezomib, a 26S proteasome inhibitor, in patients with relapsed or
refractory multiple myeloma.®® The addition of PLD was able to increase
the mean time to tumor progression from 6.5 to 9.3 months (P < 0.001;
HR = 1.82; 95% CI = 1.41-2.35). The 15-month survival rate for
PLD + bortezomib was 11% higher compared with bortezomib alone
(76% vs. 65%; P = 0.030). The mean duration of response increased from
7.0 to 10.2 months (P < 0.001) with PLD + bortezomib. Conversely, the
combined complete and partial response rates were not statistically sig-
nificant (41% for bortezomib and 44% for PLD + bortezomib). In addi-
tion, grade 3/4 adverse events were more frequent in the combination
group (80% vs. 64%), with an increased incidence of grade 3 or 4 neu-
tropenia, asthenia, thrombocytopenia, diarrhea, fatigue, and eryth-
rodysesthesia being observed palmoplantar. Despite these findings, the
authors concluded that PLD + bortezomib is superior to bortezomib
monotherapy for treating patients with relapsed or refractory multiple
myeloma, representing an additional new standard of care for this group
of patients.”®

A secondary analysis of the same clinical study evaluated patients
previously treated with thalidomide/lenalidomide who experienced
therapeutic failure. The results revealed that the median TTP was
significantly longer with PLD + bortezomib compared to bortezomib
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alone (270 days vs. 205 days; HR = 1.62; CI 95% 1.08-2.41;
P =0.018), without increasing the incidence of grade 3/4 adverse events
for patients exposed to prior treatment compared to those who were not
previously treated.” The median OS in the PLD + bortezomib cohort was
33 months (95% CI = 28.9-37.1), compared to 30.8 months (95%
CI = 25.2-36.5) in the bortezomib monotherapy group (HR, 1.047; 95%
CI = 0.879-1.246; P = 0.607). The study determined that, although
PLD + bortezomib resulted in an extended TTP, long-term follow-up
indicated no improvement in OS compared to bortezomib monotherapy
in patients with relapsed and/or refractory multiple myeloma.®°

Pegylated liposomal doxorubicin for the treatment of Kaposi's sarcoma. A
multicenter (22 centers) phase III clinical trial conducted by the Inter-
national Pegylated Liposomal Doxorubicin Study Group compared the
clinical response of PLD vs. combination therapy with bleomycin and
vincristine (BV) in 241 patients with AIDS-related KS (AIDS-KS) between
1993 and 1995.>* Treatment with PLD exhibited a higher combined
response rate than BV (58.7% vs. 23.3%; P < 0.001), with a shorter
response time (mean, 49 vs. 57 days). Furthermore, patients randomized
to receive BV exhibited a higher likelihood of early treatment cessation
due to adverse events (26.7% vs. 10.7%), resulting in a reduced
completion rate of the full six treatment cycles (30.8% vs. 55.4%).

Both PLD and BV were linked to symptoms, such as anemia (18.2%
vs. 15%), asthenia (11.6% vs. 13.3%), fever (15.7% vs. 25%), headache
(12.4% vs. 8.3%), and nausea (11.6% vs. 16.7%). Grade 3 complications
were less common. The treatment with BV was linked to a markedly
increased occurrence of peripheral neuropathy (P < 0.001), while PLD
treatment was more frequently related with neutropenia (P < 0.001).
The authors concluded that PLD proved to be an effective treatment for
AIDS-KS, showing a stronger response and better patient tolerance
compared to the BV combination, despite being more
myelosuppressive.®*

A phase III, multicenter (25 centers) randomized clinical trial was
conducted between 1993 and 1994 to compare the efficacy and toxicity
of PLD with standard chemotherapy with doxorubicin, bleomycin, and
vincristine (DBV) in 258 patients with advanced KS AIDS-related.*® The
results of this comparative study demonstrated the efficacy of PLD in
patients with advanced AIDS-KS and its superiority to the DBV combi-
nation, with overall objective response rates of 45.9% (95%
CI = 37-54%) for PLD compared to 24.8% (95% CI = 17-32%) for DBV
(P < 0.001). Furthermore, the author emphasized that the superior re-
sults of PLD compared to a combination regimen containing conventional
doxorubicin indicate that pegylated liposomal encapsulation may
enhance the therapeutic effect of doxorubicin.

As for toxicities, the most common ones in DBV therapy for AIDS-KS
were alopecia, neuropathy, nausea, and vomiting. Compared to the PLD
treatment, the incidence of alopecia was four times higher in the DBV
arm. In addition, no patient treated with PLD experienced grade 4 alo-
pecia, whereas this adverse effect appeared in 6% of patients treated with
DBV. Nausea and vomiting occurred twice as often in the DBV arm.
Paresthesia and peripheral neuropathy, likely related to vincristine,
appeared much more frequently in the DBV group. Ultimately, 37% of
DBV patients discontinued their participation in the study because of an
adverse event, compared to 11% for PLD patients (P < 0.001). Thus, the
study demonstrated that PLD was more effective and less toxic than the
standard DBV combination regimen for the treatment of AIDS-KS.>®

A secondary analysis of the previous study evaluated the HQL of
patients treated with PLD compared to standard DBV care.”® For defini-
tion purposes, HQL refers to measuring emotional, social, physical, psy-
chological, and symptom outcomes resulting from the underlying illness
as perceived by patients. The study concluded that PLD produced more
benefits in HQL (with statistically significant improvements in ener-
gy/fatigue and pain, and potentially in overall health, social functioning,
and general quality of life) compared to those treated with DBV, pre-
senting itself as an enhanced palliative therapy than standard
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chemotherapy for this common complication secondary to AIDS.

PEGylated liposomal doxorubicin for ovarian cancer treatment. In a pio-
neering long-term follow-up study involving 413 patients with refractory
or recurrent epithelial ovarian cancer at 104 centers in Europe, the US,
and Canada, PLD treatment significantly prolonged survival compared
with topotecan treatment, with an 18% reduction in the risk of death
(median survival 62.7 wvs. 59.7 weeks; HR 1.216; CI
95% = 1.000-1.478; P = 0.050).°® The survival advantage was notably
higher in individuals with platinum-sensitive illness, with a 30%
decrease in mortality risk (median survival 107.9 vs. 70.1 weeks;
HR = 1.432; 95% CI = 1.066-1.923; P = 0.017), being similar between
groups for patients with platinum-refractory disease.

The Multicenter Italian Trials in Ovarian Cancer-2 (MITO-2) study tested
whether PLD + carboplatin was more effective than standard first-line
chemotherapy with carboplatin + paclitaxel for patients with advanced
ovarian cancer, with mean PFS times of 19.0 vs. 16.8 months (HR = 0.95;
95% CI = 0.81-1.13; P = 0.580) and mean OS time of 61.6 vs. 53.2 months
(HR = 0.89; 95% CI = 0.72-1.12; P = 0.320). The results did not demon-
strate the superiority of the regimen containing the nanodrug and thus was
not considered as standard first-line treatment for advanced ovarian cancer.
Nevertheless, it can be regarded as an alternative to standard therapy.®®

Between 2005 and 2007, a study by the Gynecologic Cancer Inter-
group (GCIG), called Caelyx in Platinum Sensitive Ovarian patients
(CALYPSO), which is considered the largest clinical trial conducted in
refractory/recurrent ovarian cancer, enrolled 976 patients to test the
efficacy and safety of the combination of PLD + carboplatin (comparator)
compared to carboplatin and paclitaxel (standard).°® With a mean
follow-up of 22 months, the PFS for the comparator arm was statistically
superior to that of the standard arm (HR = 0.821; 95% CI = 0.72-0.94;
P = 0.005), with a median PFS of 11.3 vs. 9.4 months, respectively. The
nanodrug therapy also demonstrated a better therapeutic index, making
it a more effective and less toxic alternative for patients who relapsed >6
months after platinum chemotherapy. This large-scale study resulted in
numerous developments involving subsets in the years following the
publication of the first results. Evaluating the safety of both therapies in
patients aged >70 years, a higher therapeutic index and lower toxicity
for PLD treatment were observed in older women with recurrent
platinum-sensitive ovarian cancer.®’ Furthermore, a sub-study demon-
strated that the combination of PLD with carboplatin provided an
attractive additional benefit over standard care by minimizing the risk of
hypersensitivity reactions to the carboplatin-based regimen.®’

In another publication, the CALYPSO study evaluated the treatment-
related quality of life,”® and showed that the combination therapy with
PLD was associated with statistically higher physical and global function
scores at 3 months, although the differences are of modest clinical sig-
nificance. However, these results showed that the best disease-related
outcomes (e.g., PFS) of the previously described treatment were not
achieved at the expense of poor quality of life.

Another CALYPSO-derived sub-study evaluated the effects of treat-
ment with PLD + carboplatin vs. carboplatin + paclitaxel in a subset of
344 patients with partially platinum-sensitive ovarian cancer and
showed that the experimental therapy exhibited a more favorable
risk-benefit profile than standard therapy did, and should be considered
as an effective treatment option for these patients (PFS = 9.4 vs. 8.8
months; HR = 0.73; 95% CI = 0.58-0.90; P = 0.004).”" Similarly, based
on the CALYPSO trial, the efficacy of the treatments was evaluated in 259
patients with very platinum-sensitive ovarian cancer and showed that
both treatments were equally effective for patients with this type of
tumor (median PFS 12.0 vs. 12.3 months; HR 1.05; 95%
CI = 0.79-1.40; P = 0.730; median OS = 40.2 vs. 43.9; HR = 1.18; 95%
CI = 0.85-1.63; P = 0.330; ORR = 42% vs. 38%; P = 0.460). However,
the favorable risk-benefit profile suggests that PLD + carboplatin is the
ideal treatment of choice for these patients.”>
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The final assessment of the OS was published later to improve data
accuracy. With a median follow-up of 49 months, no statistically signif-
icant difference was observed in the OS between the arms (HR = 0.99;
95% CI = 0.85-1.16; P = 0.940). The median survival in the experi-
mental and standard arms was 30.7 and 33.0 months, respectively. No
statistically significant difference was observed in the OS between arms
when subgroups were stratified by age, body mass index, treatment-free
interval, detectable disease, number of prior chemotherapy regimens, or
performance status.”?

More recently, a multicenter, open-label, randomized, phase III trial
conducted in 159 academic centers in Germany, France, Australia,
Austria, and the United Kingdom, evaluated the effectiveness of therapy
with PLD + carboplatin + bevacizumab (experimental treatment) vs.
gemcitabine + carboplatin + bevacizumab (standard care) in 682 pa-
tients with recurrent platinum-sensitive ovarian cancer between 2013
and 2015. The median PFS was 13.3 months (95% CI = 11.7-14.2) in the
experimental group compared to 11.6 months (95% CI = 11.0-12.7) in
the standard group (HR = 0.81; 95% CI = 0.68-0.96; P = 0.012). The
median OS was 31.9 months (95% CI = 28.5-34.8) in the experimental
group vs. 27.8 months (95% CI = 25.5-30.2) in the standard group
(HR = 0.81; 95% CI = 0.67-0.98; P = 0.032). Based on these results, the
regimen containing PLD -+ carboplatin + bevacizumab was considered a
new standard treatment option for platinum-sensitive recurrent ovarian
cancer.”*

The extensive clinical evaluation of PLD, across multiple cancer types,
such as multiple myeloma, KS, and ovarian cancer, highlights both its
potential and limitations as a nanomedicine. The incorporation of PLD
into standard chemotherapy regimens has demonstrated significant
benefits in reducing toxicity and improving patient quality of life, which
are critical considerations in cancer therapy. However, the OS benefits
have been less consistent, highlighting the need for further innovation
and optimization.

The evidence suggests that while PLD improves the therapeutic index
of chemotherapy by reducing severe side effects, such as neutropenia,
alopecia, and peripheral neuropathy, its impact on prolonging survival,
particularly OS, is more variable.”? For instance, in multiple myeloma,
PLD combined with bortezomib increased PFS but did not significantly
enhance OS compared to bortezomib alone. Similarly, in ovarian cancer,
while the CALYPSO study showed superior PFS with PLD + carboplatin
compared to standard therapy, the final OS analysis did not demonstrate
a significant difference. These findings imply that, while PLD is an
effective tool for managing side effects and improving patients’ quality of
life, it may not universally extend survival across all cancer types and
treatment regimens.®%7>

Future research should explore more sophisticated combinations of
PLD with other targeted therapies, immunotherapies, or novel agents
that could enhance its efficacy. Personalizing these combinations
based on specific tumor biology and patient characteristics could
potentially yield better outcomes, particularly in extending survival.
Identifying biomarkers that predict patient response to PLD could
refine its use, ensuring targeted application where it provides the
greatest clinical benefit.®® The development of next-generation lipo-
somal formulations or alternative nanocarrier systems that could
further improve the delivery and efficacy of doxorubicin might address
the limitations observed with PLD. Innovations that increase tumor
specificity or enhance drug release mechanisms could potentially
overcome some of the challenges observed in clinical outcomes. More
extensive follow-up studies focusing on long-term survivorship and
quality of life are necessary to understand the full impact of PLD-based
therapies. This includes assessing late-onset toxicities, secondary ma-
lignancies, and overall functional status, which are critical for evalu-
ating the true benefit of PLD in cancer management.’®®"”178 As the
evidence for this therapy grows, updating clinical guidelines may be
necessary to better reflect its role in cancer treatment, including its use
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in combination therapies and protocols for patient selection, dosing,
and monitoring,>1:%%°8.74

Outlook section

The advancement of nanomedicines in oncology has marked a sig-
nificant milestone in enhancing the efficacy and safety profiles of con-
ventional chemotherapeutic agents. The integration of nanotechnology
into cancer treatment, as exemplified by formulations, such as paclitaxel
bound to albumin and PLD, has demonstrated improved therapeutic
outcomes across various malignancies.>’° This outlook section contex-
tualizes the reviewed results, interprets their implications, and outlines
future directions for the development and application of cancer nano-
medicines, providing an in-depth exploration of the current research
progress and significance in the relevant field.

The reviewed studies consistently showcase that nanomedicine for-
mulations provide superior efficacy compared to their conventional
counterparts. Paclitaxel bound to albumin has demonstrated increased
OS, PFS, and ORR in cancers, such as NSCLC and pancreatic cancer.
Similarly, PLD has shown comparable or improved efficacy in treating
breast cancer, multiple myeloma, KS, and ovarian cancer while signifi-
cantly reducing cardiotoxicity and other adverse effects commonly
associated with traditional doxorubicin therapy.*®°%% The improved
safety profiles are attributed to the unique pharmacokinetic properties
promoted by nanotechnology, which allows for controlled release and
targeted drug delivery. These formulations reduce systemic toxicity,
minimize off-target effects, and enhance patient quality of life, thereby
offering more tolerable and effective treatment options.

Nanomedicines have addressed several unmet needs in oncology by
overcoming limitations associated with traditional chemotherapies, such
as poor solubility, rapid clearance, and non-specific distribution. The
albumin-bound and liposomal encapsulation technologies have facili-
tated higher drug concentrations at tumor sites, improved penetration
into tumor tissues, and provided options for patients who are refractory
or have developed resistance to standard therapies.®'>!%3* Moreover,
these formulations have expanded therapeutic possibilities for specific
patient populations, including older adults and those with comorbidities,
by offering treatments with manageable toxicity profiles and convenient
administration schedules, as evidenced by outpatient feasibility in mul-
tiple myeloma treatments.

The adoption of nanomedicine formulations has implications beyond
clinical outcomes, impacting healthcare economics and resource utili-
zation. Reduced adverse events and hospitalizations translate into
decreased healthcare costs and improved allocation of medical resources.
Additionally, the potential for outpatient administration reduces the
burden on healthcare facilities and enhances patient convenience and
compliance.*!?

Future perspectives and prospects

Despite the successes highlighted in this work with existing nano-
medicine formulations, several challenges remain to be addressed. A
primary challenge is developing reproducible and affordable nano-
medicines tailored to a specific cancer treatment on a large-scale,
ensuring high loading capacity, long-term stability, and targeted de-
livery of the payload. Although nanomedicines are meant to increase
drug distribution to certain areas, exact targeting remains challenging,
and off-target effects may still be reported, thereby limiting their thera-
peutic outcomes. Several additional biological obstacles can also
compromise the capacity of nanomedicines to efficiently treat the tar-
geted cancer. The unique characteristics of nanomedicines further
complicate adherence to established guidelines, leading to regulatory
uncertainty and potential delays in licensing. To evaluate their long-term
safety, nanomedicines could demand more thorough preclinical and
clinical research. Future research should focus on incorporating stimuli-
responsive and multifunctional nanoparticles to enhance specificity and
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therapeutic outcomes while minimizing adverse effects.

The integration of nanomedicines into personalized medicine ap-
proaches presents a promising avenue. Identifying and utilizing predic-
tive biomarkers can help tailor nanomedicine therapies to individual
patient profiles, maximizing efficacy, and minimizing toxicity. Person-
alized dosing regimens and combination therapies based on genetic and
molecular tumor characteristics should be explored to enhance treatment
precision.7’13’18

Conversely, exploring the efficacy of nanomedicines in a broader
range of malignancies and in combination with other treatment modal-
ities, such as immunotherapies and targeted agents, could further
improve cancer treatment outcomes.” Clinical trials investigating syn-
ergistic effects and optimal sequencing of therapies are warranted to
establish comprehensive and effective treatment protocols.

Understanding and overcoming resistance mechanisms to nano-
medicine therapies remain critical challenges. Research should focus on
elucidating the molecular pathways contributing to resistance and
developing strategies to counteract them, such as co-delivery of sensi-
tizing agents or gene therapy approaches integrated within nanocarrier
systems.

The complex nature of nanomedicine formulations necessitates
streamlined regulatory frameworks and robust manufacturing processes
to ensure quality, safety, and consistency.”> Collaboration between
academia, industry, and regulatory bodies is essential to establish stan-
dardized guidelines and facilitate the translation of innovative nano-
medicines from bench to bedside. Long-term safety data and
post-marketing surveillance are crucial to fully understand the implica-
tions of nanomedicine therapies. Comprehensive monitoring and
reporting systems should be implemented to track adverse events, rare
toxicities, and overall patient outcomes over extended periods.'°

Ensuring equitable access to advanced nanomedicine therapies is
imperative. Efforts should be made to assess and improve the cost-
effectiveness of these treatments, including exploring generic formula-
tions and subsidized healthcare programs, to make them accessible to
diverse patient populations globally.

Conclusions

Nanotechnology offers new solutions for developing more effective
and safer cancer treatments. The results of the clinical trials showed that
(1) pegylated L-asparaginase can achieve a therapeutic effect similar to
that of L-asparaginase with fewer applications due to its longer half-life as
a result of surface modification with PEG; (2) paclitaxel bound to albu-
min improved therapeutic efficacy (i.e., better response rate in breast
cancer, increased survival in pancreatic cancer in combination with
gemcitabine, and longer PFS in NSCLC in combination with carboplatin),
reduced infusion time, improved pharmacokinetics and eliminated the
need for chemotherapy; reduced infusion time, improved pharmacoki-
netics, and eliminated the need for concomitant antihistamines and
corticosteroids to prevent immune reaction to the solvent in the con-
ventional paclitaxel formulation; and (3) PLD demonstrated a more
efficient drug distribution pattern with higher tumor concentration and
improved safety compared to conventional doxorubicin, resulting in
reduced anthracycline-induced cardiotoxicity, better tolerability and
adherence, and ultimately improved patient quality of life. These results
suggest that nanomedicines, alone or in specific combinations, may
represent an important modality capable of improving cancer treatment
outcomes.
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