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Recent advances in nanomedicine have significantly improved the delivery of small molecule therapies
and biologics for cancer treatment, gene therapy, and vaccines, leading to better patient outcomes and
improved standard of care. Yet, despite the promise of targeted drug delivery, clinical trials of targeted
nanoparticle-based systems have frequently underperformed. In this opinion piece, we explore the
persistent obstacles facing nanomedicine, analyse the shortcomings of targeted strategies, and propose
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DOI: 10.1039/d5mh00927h a path forward. We argue that progress will require a re-examination of nanoparticle pharmacokinetics,
optimisation of dosing regimens, and solutions to antigen depletion. These steps are critical for realising
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Clinical success of untargeted
nanoparticles

In cancer treatment, small-molecule chemotherapeutic agents
were designed to target rapidly dividing cells. However, many of
these drugs are rapidly cleared from the body, requiring
prolonged administration to maintain therapeutic levels. This
not only complicates treatment regimens but also increases
systemic toxicity. Nanomaterials have significantly improved
these outcomes by enabling encapsulation of drugs within
carriers that extend circulation time and reduce side effects,
thereby maintaining therapeutic concentrations for longer.

A prime example is Doxil (Caelyx), a liposomal formulation
of doxorubicin, which increases the drug’s circulation time by
nearly 500-fold." Although Doxil did not dramatically improve
efficacy and median overall survival compared to free doxor-
ubicin, its substantially reduced cardiotoxicity resulted in
improved patient outcomes and benefits in both progression-
free and overall survival.'™ A similar success story is Vyxeos, a
liposomal formulation that co-delivers cytarabine and daunor-
ubicin in a specific 5:1 ratio, enabling coordinated pharmaco-
kinetics, prolonging elimination time, and simplifying dosing
compared to administering the drugs separately. Unlike Doxil,
Vyxeos demonstrated a clear benefit in overall survival over
standard therapy.*”

Beyond small-molecules, nanoparticles have also transformed
the delivery of biologics, particularly RNA-based therapies. For
example, Onpattro (patisiran), a lipid nanoparticle-encapsulated
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siRNA, is used to treat hereditary transthyretin induced amy-
loidosis (hATTR), a progressive condition characterized by the
buildup of abnormal transthyretin protein deposition.>” The
lipid nanoparticles enable siRNA delivery to the liver while
protecting the fragile siRNA payload from degradation by
endogenous RNAses.

This early work on siRNA delivery paved the way for mRNA
vaccines such as Spikevax (Moderna) and Comirnaty (Pfizer-
BioNTech), developed in response to COVID-19.57'° These
vaccines use lipid nanoparticles to deliver mRNA into cells
following intramuscular injection, enabling viral protein
expression and a robust immune response. However, none of
these success stories were targeted therapies in the traditional
sense but relied on lipid/liposomal nanoparticles as delivery
vehicles to protect and transport the sensitive payloads effec-
tively, prolong circulation and minimise the side effects.

As we enter the era of precision medicine, accelerated by
Al-driven diagnostics and the growing use of biologics, targeted
drug delivery will play a critical role in cancer therapy and
beyond. By directing therapeutics specifically to cancer cells
through molecular recognition, or by engineering nanomater-
ials to respond to features of the tumour microenvironment,
targeted delivery offers a path to overcome many of the limita-
tion of conventional therapies, including off-target toxicity and
suboptimal efficacy.

The clinical reality of targeted
nanoparticles

In recent years, biologically targeted therapies made a signifi-
cant step towards precision cancer treatment. Strategies such
as immune checkpoint inhibitors, antibody drug conjugates
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(ADCs), bispecific T cell engagers, and chimeric antigen recep-
tor (CAR)-T cells all rely on specific cell surface targets and
high-affinity binding to a defined molecular epitope.”** While
these approaches have markedly improved outcomes for many
patients, they still face significant challenges, including limited
delivery efficiency, antigen depletion, off-target leakage of
cytotoxic payloads in ADCs, and severe immune responses such
as cytokine storms in CAR-T therapies.'>**'>1¢

Despite the clinical success of biologically targeted thera-
pies, nanoparticle-based targeted delivery systems have yet to
achieve comparable breakthroughs. Many formulations have
failed to meet key clinical endpoints, impeding regulatory
approval.

For instance, MM-302 from Merrimack, a HER2-targeted
antibody-liposomal doxorubicin, showed promising Phase
1 results.'” However, in a Phase II trial, it failed to significantly
improve progression-free survival (PFS) compared to standard
chemotherapy combined with trastuzumab.®

Another example is BIND-014, developed by Bind Therapeu-
tics, a docetaxel-loaded poly-lactic acid (PLA) nanoparticle
decorated with the small-molecule targeting ligand ACUPA,
which binds to prostate-specific antigen (PSA). This system
initially demonstrated a favourable safety profile and a distinct
pharmacokinetic profile in Phase I trials."® Although some
patients experienced reductions in PSA levels and circulating
tumour cells, Phase II results showed no meaningful improve-
ments in survival or off-target effects compared to free
docetaxel.>*!

Similarly, targeting Cornell Dots (C’ Dots), sub 8 nm silica
nanoparticles with customizable surface developed by Elucida
Oncology did not progress into the Phase II trials. First gen-
eration of C Dots were functionalised '>*I for PET imaging and
cyclo-(Arg-Gly-Asp-Tyr) (cRGDY) peptide for integrin target-
ing.>® These targeted PET-contrast agents demonstrated excel-
lent renal clearance and tissue distribution patterns correlated
with integrin expression. Building on this, a second-generation
C’ Dots formulation, ELU001, was engineered to deliver a
topoisomerase-1 inhibitor through cathepsin-B
cleavable linker. While Phase I trials showed a favourable safety
profile and early signs of efficacy,” subsequent trials were
halted due to lack of funding.**

exatecan

Why targeting strategies often fail?

Despite decades of research, no active targeting strategy using
nanoparticles, whether through peptides, antibodies, or small
molecule ligands, has achieved clinical success (Fig. 1). Recent
meta-analysis of over 200 preclinical studies in murine models
showed no significant improvement in therapeutic delivery
with targeted nanoparticles compared to untargeted counter-
parts.”® These findings suggest that the addition of targeting
ligands does not enhance tumour accumulation or therapeutic
efficacy in vivo (Fig. 1).

Nevertheless, the academic focus remains heavily skewed
toward developing increasingly complex nanoparticle systems,
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Fig. 1 Targeting strategies used in clinical trials that have failed, such as
peptides, antibodies and small molecules. As well as those that have led to
clinical approval such as unmodified, charged, and apolipoprotein E (ApoE)
acquired in the body.

often incorporating multiple targeting ligands and antibodies.
These designs significantly raise production complexity and
cost, yet offer minimal, if any, benefit in terms of clinical
translation.?® This is in stark contrast to biologically targeted
therapies such as checkpoint inhibitors or ADCs, where the
targeting directly correlates with therapeutic success.

One fundamental distinction may lie in the pharmacoki-
netics (PK) of the most common targeting nanoparticles:
nanoparticle-antibody conjugates. While antibodies alone typi-
cally exhibit long circulation times, ranging from days to
weeks,””*® conjugating them to nanoparticles often reduces
circulation to 20-40 hours.”**? A shortened circulation time
likely reflects modified elimination routes, and significantly
reduces the likelihood of effective tumour targeting thus com-
promising the therapeutic impact.

Moreover, in the context of ADCs, it is well established that
the site of antibody-drug conjugation can dramatically alter
pharmacokinetics and biodistribution.**** However, this level
of control is rarely applied to nanoparticle-targeted formula-
tions. Common conjugation strategies, such as amide coupling,
result in random attachment through lysine residues, leading
to heterogenous distribution of antibody’s anchoring sites.
Thus, more refined, site-specific conjugation approaches, and
subsequent studies mimicking those used in advanced biolo-
gics are needed.

Perhaps most critically, nanoparticle targeting may unin-
tentionally trigger antigen depletion, a phenomenon already
observed in therapies like ADCs and CAR-T cells.*®** Recent
studies in nanoparticle-mediated protein degradation suggest
that nanoparticles can accelerate antigen loss compared to free
antibodies.*** If this holds true, nanoparticle formulations

This journal is © The Royal Society of Chemistry 2025
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could be actively diminishing their own targets, limiting clin-
ical efficacy and long-term therapeutic outcomes. This mecha-
nism warrants deeper investigation, as it may represent a key
obstacle to successful clinical translation.

The power of passive targeting: when
nanoparticles work without targeting
ligands

Despite the underwhelming clinical performance of actively
targeted nanoparticles, there are cases where nanoparticles
achieve organ- or cell-specific delivery through a non-active,
endogenous mechanism.

One of the most prominent examples is the natural tropism
of lipid nanoparticles, which consistently deliver their cargo to
the liver and the liver cells.***” This targeting is primarily
mediated by the spontaneous adsorption of apolipoprotein
E (ApoE) onto the nanoparticle surface, forming a protein
corona. ApoE then facilitates receptor-mediated uptake in the
liver by binding to LDL or APoE receptors.” Despite this
success, attempts to redirect lipid nanoparticles to other organs
have proven challenging. To date, the overwhelming majority of
nanoparticle-based therapies in clinical development still
default to hepatic delivery.*®

COVID-19 vaccines presented a compelling case for immune
targeting, with some reports attributing dendritic cell uptake to
a combination of nanoparticle size, surface charge, and the
presence of ionizable lipids.® However, we must be careful not
to overstate this point. These nanoparticles are delivered intra-
muscularly, not intravenously, which bypasses many of the
physiological barriers that hinder systemic targeting. In this
context, the interaction with dendritic cells might be more a
function of anatomical proximity and formulation chemistry
than true targeting.

Future directions

Most nanoparticles that have made it to the clinic are
chemically simple and biologically passive. They are not func-
tionalised with targeting ligands or engineered for complex
biodistribution. Instead, they succeed by leveraging material
properties and administration routes that align with biological
reality, without overly complex designs.

So, where do we go from here? It is time to rethink our focus
on active targeting. Instead of chasing ever-more elaborate
conjugation strategies, we need to be honest about the like-
lihood of clinical success and acknowledge the shortfalls of
current strategies. First, we must improve our understanding of
nanoparticle pharmacokinetics and their biological interac-
tions (Fig. 2). Insights from ADCs have shown that the addition
of chemotherapeutic payloads, can dramatically alter circula-
tion times. Critically, and in contrast to free antibodies,
nanoparticle-antibody conjugates often exhibit significantly
shorter half-lives than expected. Investigating how these
changes occur, both with or without antibody attachment,

This journal is © The Royal Society of Chemistry 2025
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Reduced Circulation Time Dosing Considerations
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Fig. 2 The major challenges of nanoparticles entering the clinic. Changes
in biodistribution as well as reduced elimination times of nanoparticle
antibody formulations versus antibodies alone. The calculation of dose and
the decision of which dose to use. Finally, the mechanism of nanoparticle
mediated targeted protein degradation, and resultant antigen depletion.

could uncover critical insights and lead to improved therapeu-
tic efficacy.

Secondly, nanoparticle dosing and data reporting, particularly
around dosage, remains inadequate. While this issue has been
acknowledged in the field, we still lack a standardised unit
analogous to the “mole” in molecular chemistry to quantify
number of nanoparticles delivered. A study from Warren Chan’s
group highlights the critical importance of this: they found that
not only the nanoparticles type, but the absolute number of
nanoparticle administered significantly influences in vivo
efficacy.®® Using untargeted Doxil formulations, they demon-
strated that co-injection of both therapeutic and ‘dummy’
(empty) liposomes increased the delivery to tumours. They
hypothesised that the dummy particles saturated the liver’s
clearance mechanisms, allowing more therapeutic nanoparticles
to bypass filtration and accumulate at tumour site. This points to
a threshold phenomenon; a minimal particle counts necessary to
overcome hepatic clearance and enable meaningful tumour
targeting, which they defined as 1 trillion particles.

Finally, we need to consider antigen depletion. A major
reason for the clinical failure of targeted nanoparticles may
lie in a well-documented phenomenon from the biologic’s
world: each dose depletes the very antigen it seeks to target.
This has been observed in case of monoclonal antibodies, ADCs
and CAR-T therapies, yet remains underexplored in the context
of nanoparticle delivery. And yet, evidence from the emerging
field of nanoparticle-mediated protein degradation suggests
this mechanism is not only possible, it is occurring.**

If nanoparticles are indeed accelerating antigen clearance,
then we must ask: how do cells respond? Do they upregulate
alternate targets? Is there a time-dependant recovery of the

Mater. Horiz., 2025, 12, 6423-6427 | 6425
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original antigen? If so, timing and dosing intervals may need to
be optimised for targeted nanoparticles to take into account the
target availability. Furthermore, in the context of targeted drug
delivery this would mean that the nanoparticle is not just acting
as a passive carrier but actively altering the protein landscape of
the cell it targets.

By addressing these issues, improving pharmacokinetic
understanding, standardising dosage metrics, and investigat-
ing the consequences of antigen depletion, we may finally move
past conventional thinking about targeting and toward a more
evidence-based framework. It is entirely possible that the future
of nanoparticle delivery does not lie in complex ligand engi-
neering, but in smarter, biology-aware design choices. Perhaps,
active targeting, as we currently define it, is not the path
forward at all.
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