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Despite a surge in biomedical engineering publications, clinical translation still lags behind. To bridge this
gap, we must prioritize interdisciplinary collaboration, problem-driven innovation, and an inclusive scientific
culture to ensure that research has a real-world impact on global health. Moreover, translational challenges
can be resolved by bridging laboratory research with industry.

We are currently facing a scientific
paradox: a few papers have been pub-
lished in the field of biomedical engineer-
ing; however, these papers are not
matched by a proportional increase in pat-
ents and/or commercially available prod-
ucts to address global health, translational
hurdles, and societal challenges. For
instance, the United States filed one patent
in the field of nanotechnology for every
three articles in 2021." Approximately 20
cancer nanomedicines are approved for
clinical use, and more than 100 formula-
tions are in the (pre)clinical testing stage.”
This striking disconnect reveals that aca-
demic productivity does not necessarily
translate into practical solutions, a trend
that warrants urgent investigation. This
matter of opinion explores the value of
key scientific aspects of biomedical engi-
neering, supported by a discussion of
various case studies that illustrate both
the successes (i.e., Doxil and Abraxane)
and challenges within this field, particularly
in the use of nanoparticles for cancer diag-
nosis and treatment.

Nanomedicine therapies have revolu-
tionized the reduction of side effects
compared to free diagnostic and therapeu-
tic molecules, ultimately improving pa-
tients’ quality of life.” Liposomal doxurubi-
cin (Doxil) formulation was approved by
the Food Drug Administration (FDA) in
1995 for the treatment of advanced breast
cancer and in 1996 by the European Medi-
cines Agency (trademarked as Caelyx).®
Strikingly, Doxil reduces cardiotoxicity
(>3-fold reduction) and hair loss, which

are significant side effects associated
with free doxorubicin administration. This
improvement in safety, coupled with the
potential for targeted drug delivery, has
significantly improved the quality of life of
patients undergoing chemotherapy for
various cancers. This work started with
the pioneering work of Gabizon and Bare-
nholz in collaboration with laboratories
around the world, including in Jerusalem
(Hebrew  University-Hadassah Medical
School), Canada (University of Alberta),
and California (Liposome Technology,
Inc.). Interestingly, several aspects of
achieving therapeutically efficacious pas-
sive targeting of liposomes to cancer tis-
sues were developed in parallel across
these four locations. Throughout the
Doxil development journey, there was a
clear contribution from various experts,
including biochemistry researchers (e.g.,
Barenholz), medical oncologists (e.g., Ga-
bizon), and entrepreneurs (e.g., Papahadjo-
poulos). It took 16 years from the beginning
of basic research on liposomal doxorubicin
in 1979 to its FDA approval in 1995, high-
lighting the importance of long-term invest-
ment in translational science. Since 1991,
when the first patient in the first clinical trial
received Doxil, more than 500,000 patients
have been treated with it. It should be noted
that inconsistencies among regulatory
agencies/bodies have been observed in
defining nanomedicine because of their
distinct behaviors. For example, the FDA
and EMA have differently considered the
approval of LipoDox, a generic version of
Doxil which was approved by the FDA but

rejected by the EMA due to the lack of a bio-
equivalence study of unencapsulated DOX
drug.* Overall, such concerns slowdown
the translational and approval progress of
nanomedicines.

Another compelling example of success-
ful nanomedicine translation is nanopar-
ticle-albumin-bound paclitaxel, commer-
cially known as Abraxane, nab-paclitaxel.
Abraxane delivers albumin-bound hydro-
phobic drugs to tumors in conditions such
as advanced breast cancer and metastatic
adenocarcinoma of the pancreas.® It was
the first protein nanotechnology-based
chemotherapeutic, and Cremophor free,
receiving FDA approval in 2005 and EMA
approval in 2008.7 Unlike traditional pacli-
taxel formulations, Abraxane addresses
the solvent-related issues of Taxol and
provides significant value for patients
by simplifying administration protocols,
namely enabling administration over a
shorter infusion period (30 min vs. 3 to
24 h with solvent-based paclitaxel), at a
higher dose (300 vs. 175 mg/m? for sol-
vent-based paclitaxel, every 3 weeks),
and without a corticosteroid and/or hista-
mine co-mediation to prevent solvent-
related hypersensitivity reactions.>° Nab-
paclitaxel was invented by the chemical
engineer Neil Desai and a physician-entre-
preneur Patrick Soon-Shiong from UCLA
Medical School and Abraxis Bioscience
company. Abraxane remains the leader in
the paclitaxel formulation market.

Recently, additional nanomedicine plat-
forms, such as Lipoplatin and mRNA-
4157/V940, have emerged, offering new
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Table 1. Translational landscape of nanomedicine: Successes, challenges, and enablers

Aspect

Doxil

Abraxane

Lipoplatin

mRNA-4157/V940

Common challenges in
translation

Key enablers of
translation

Type of nanomedicine

Approval timeline

Time from basic
research

Inventors/leaders

Clinical advantages

Multi-disciplinary input

Market/clinical impact

Translation barriers

Cultural/systemic

issues

Innovation ecosystem

liposomal doxorubicin

FDA (1995); EMA (1996
as Caelyx)

~16 years (1979-1995)

Gabizon, Barenholz,
Papahadjopoulos

reduced cardiotoxicity,
improved tolerability

clinicians, biochemists,
entrepreneurs

500,000 patients
treated

N/A

N/A

supported by
Liposome
Technology Inc.

albumin-bound
paclitaxel

FDA (2005); EMA (2008)

~10 years

Desai, Soon-Shiong

Cremophor-free;
higher dosing, shorter
infusion

engineer, physician-
entrepreneur

leader in paclitaxel
market

N/A

N/A

backed by Abraxis
Bioscience

liposomal cisplatin

phase lll trials
completed; EMA
orphan drug status
granted

~10-15 years

Boulikas, Stathopoulos

reduced
nephrotoxicity;
improved tumor
targeting

oncologists,
pharmacologists,
nanotechnologists

demonstrated efficacy
in NSCLC; reduced
toxicity compared to
cisplatin

N/A

N/A

developed by Regulon
Inc.; EMA orphan
designation

lipid nanoparticle-
encapsulated mRNA

phase lIb trial positive;
FDA Breakthrough
Therapy and EMA
PRIME designations
granted

~6 years (2017-2023)

Moderna and Merck
collaboration

personalized vaccine;
significant reduction in
recurrence risk

bioinformaticians,
immunologists,
clinicians

49% reduction in
recurrence risk in high-
risk melanoma patients

N/A

N/A

developed by Moderna
and Merck; leveraging
mRNA technology

complex, multi-layered
nanoparticles with
limited clinical
relevance

many nanomedicines
remain in early clinical
stages for extended
periods

extended development
timelines without clear
commercial pathways

academic-led projects
often lack
entrepreneurial
infrastructure

insufficient tumor
accumulation; toxicity;
delivery barriers in
tumor
microenvironment
siloed academic
research with limited
real-world input

low success rates in
phase II/1ll trials despite
high phase | success

overengineered
particles, lack of tumor
penetration, weak
translational strategy

hierarchical lab
cultures, exclusionary
practices, lack of
diversity

limited
commercialization
training and support in
academia

simple, biocompatible,
and scalable designs

early regulatory
engagement and
translational planning

long-term funding and
institutional support

entrepreneurial
leadership and industry
collaboration

targeting tumor biology
and simplifying
administration

cross-disciplinary
teams (clinicians,
engineers, regulatory
experts, etc.)

clinical relevance,
market need, and
patient-centric design

problem-driven
innovation with focus
on patient needs

inclusive and
collaborative research
environments

participation in
translational/
entrepreneurial
programs (e.g., NSF
|-Corps, IMFAHE)
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Figure 1. Translational pathways and innovation ecosystem in biomaterials science

A roadmap highlighting key milestones in nanomedicine development (Doxil, Abraxane, Lipoplatin,
mRNA-4157), major barriers to clinical translation (e.g., complex regulations, insufficient investment, lack
of interdisciplinary expertise), and enablers of success (e.g., inclusive culture, public-private partnerships).
The bottom section emphasizes the importance of bridging research with industry and outlines future
actions needed to close the innovation gap, including modifying evaluation criteria, redefining educational
training, investing in disruptive technologies, and engaging all stakeholders.

perspectives on successful translation.
Lipoplatin, a liposomal formulation of
cisplatin, has demonstrated reduced
nephrotoxicity and improved tumor target-
ing in patients with non-small cell lung can-
cer, with promising outcomes in phase lll
trials. Meanwhile, the personalized cancer
vaccine mMRNA-4157/V940, developed by
Moderna and Merck, leverages lipid nano-

particles to deliver tumor-specific mMRNA
and has shown a 49% reduction in recur-
rence risk when combined with checkpoint
inhibitors in high-risk melanoma patients,
leading to an FDA breakthrough therapy
designation. These cases reflect a shift to-
ward patient-specific, immune-respon-
sive, and biocompatible platforms that
address safety and efficacy. Notably, while
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the success of mRNA-4157/V940 under-
scores the value of integrating immuno-
therapy and nanotechnology, it also illus-
trates the importance of early alignment
with regulatory bodies and strategic part-
nerships in the industry.

A closer look at the comparative anal-
ysis of clinically approved and emerging
nanomedicine platforms (Table 1) reveals
that successful translation hinges not
only on innovative design but also on
multidisciplinary collaboration, patient-
centric development, and early alignment
with regulatory and commercial path-
ways. Moreover, it reveals three key in-
sights: (1) successful nanomedicine trans-
lation consistently involves early and
sustained multidisciplinary collaboration
across academia, industry, and clinical
practice; (2) designs that are clinically
practical and scalable and address a clear
unmet medical need, rather than merely
novel, are more likely to succeed; and (3)
regulatory foresight and entrepreneurial
leadership are crucial in navigating the
long, uncertain path from bench to
bedside (Figure 1). The disconnection be-
tween the original goals of nanomedicine
research and the outcomes produced is
evident. There is excessive emphasis on
creating new (and complex) nanoparticle
designs, while insufficient effort is focused
on understanding how these nanopar-
ticles accumulate in tumors. For instance,
studies on inorganic nanoparticles used at
least one coating layer (89.6%) and a
medium NP coating complexity (that is, 3
or 4 functionalization steps, 35.2%).” The
scientific path often lacks sufficient
focus on identifying and addressing the
reasons why nanomedicine therapies are
frequently unsuccessful in clinical trials.
A key barrier is the tumor microenviron-
ment, which presents formidable physio-
logical and biological challenges to drug
delivery.® An extensive analysis of the effi-
cacy of inorganic nanoparticles on tumor
reduction concluded that arming nano-
particles with multiple therapeutic modal-
ities (i.e., photodynamic, ultrasound, hy-
perthermia) is associated with greater
efficacy, addressing both intra- and inter-
tumoral heterogeneity more efficiently.”
The key advantages of using combinato-
rial therapies are yet to be clinically proven
as a more customizable mode of adminis-
tration and a more effective treatment.
Moreover, these therapies are facing
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challenges in standardization, clinical trial
design, and regulatory alignment.

By analyzing the success of nanopar-
ticle-based drugs such as Doxil and Abrax-
ane, scientific breakthroughs require time
and multidisciplinary team efforts. It is
crucial for governments to maintain funding
and support to provide scientists with sta-
ble careers in which they can seed and
nurture their novel ideas. The global com-
munity plays a vital role in recognizing the
importance of science. To achieve this, sci-
entists must continue their outreach efforts
fromayoung age (e.g., European Research
Night and SoapboxScience initiatives).
Moreover, both founders of commercially
available nanoparticles emphasized the
significant challenges they faced in
securing funding and regulatory approval.
Therefore, it is of great importance not to
dissociate innovation from an early stage,
particularly in terms of assembling multi-
disciplinary teams (e.g., clinicians, com-
puter scientists, bioengineers) and con-
ducting customer discovery. For instance,
one of the goals of the conference work-
shop in Colorado was to consistently pro-
mote fundamental research in nanomedi-
cine, despite the lack of immediate
benefits for patients and to acknowledge
that translational research is built on a
long and gradual process.®

Participation in entrepreneurship pro-
grams (i.e., NSF i-corp) can also enhance
participants’ vision, help them identify the
“sweet spot” for their technologies, and
help researchers understand product-
market fitness and accelerate translational
pathways. It is obvious that there is no
room in science for closed mindsets,
racism, outdated hierarchical structures,
or misogynistic environments. Such condi-
tions hinder the open and healthy atmo-
sphere crucial for questioning and
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improving initial concepts. Promoting an
inclusive culture is not just a moral impera-
tive, it is a strategic necessity for innova-
tion. To overcome these limitations, female
leadership serves as a powerful example
that can empower and inspire the next
generation of women and girls in science
(e.g., IMFAHE Foundation and Non-
Conformist Scientist program), encour-
aging them to lead with a confident voice
and entrepreneurial mindset and ultimately
pursue translation research into real-world
applications. Finally, the importance of
maintaining high standards and quality in
the peer-review process must be empha-
sized. A robust peer-review system not
only ensures the credibility and reproduc-
ibility of research but also helps uphold
the integrity of scientific debate, which is
the cornerstone of translational success.
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