nature nanotechnology

Review article

https://doi.org/10.1038/s41565-024-01754-7

A translational framework to DELIVER
nanomedicinesto theclinic

Received: 26 February 2024 Paul Joyce®'

Accepted: 9 July 2024

Published online: 06 September 2024

% Check for updates

, Christine J. Allen?, Maria José Alonso ® *#, Marianne Ashford®,
Michelle S. Bradbury ® ¢, Matthieu Germain’, Maria Kavallaris ® ®°,

Robert Langer ® '*", Twan Lammers ® 2%, Maria Teresa Peracchia®",

Amirali Popat®™, Clive A. Prestidge®', Cristianne J. F. Rijcken,

Bruno Sarmento™%, Ruth B. Schmid ®*°, Avi Schroeder?’,

Santhni Subramaniam®’, Chelsea R. Thorn?, Kathryn A. Whitehead ® %,

Chun-Xia Zhao ® *** & Hélder A. Santos ® >2%%

Nanomedicines have created a paradigm shift in healthcare. Yet
fundamental barriers still exist that prevent or delay the clinical translation
of nanomedicines. Critical hurdles inhibiting clinical successinclude

poor understanding of nanomedicines’ physicochemical properties,
limited exposure in the cell or tissue of interest, poor reproducibility of
preclinical outcomesin clinical trials, and biocompatibility concerns.
Barriers that delay translation include industrial scale-up or scale-down
and good manufacturing practices, funding and navigating the regulatory
environment. Here we propose the DELIVER framework comprising the
core principles tobe realized during preclinical development to promote
clinical investigation of nanomedicines. The proposed framework comes
with design, experimental, manufacturing, preclinical, clinical, regulatory
and business considerations, which we recommend investigators to
carefully review during early-stage nanomedicine design and development
to mitigate risk and enable timely clinical success. By reducing development
time and clinical trial failure, it is envisaged that this framework will

help accelerate the clinical translation and maximize the impact of

nanomedicines.

Inrecentyears, there has been a sentiment that the nanomedicine field
has promised big but delivered little with respect to clinical impact™*.
The consensus was that the field generated a large volume of publica-
tions with relatively few clinically approved products®>. However, this
viewpoint fails to see the complete picture and does not account for
recent success. Nanomedicine, as we now know it, was pioneered in
the 1960s, launching multiple decades of exploratory and develop-
mental research by the emerging field. Liposomal doxorubicin, Doxil,
was the first nanomedicine to overcome the translational hurdles and
was approved for clinical use in 1995°. Extensive clinical testing and
validation of other nanomedicines followed, which has led to where

we are now, with over 50 nanomedicine products currently approved
for clinical use’, enabling improved therapeutic outcomesin oncology
(forexample, Abraxane, Vyxeos, Onivyde, NBTXR3), infectious diseases
(for example, Pegasys, AmBisome, Arikayce), neuropathy (Onpattro)
and other indications.

The emergence of messenger RNA vaccines for immunization
against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
facilitated by lipid nanoparticles that critically enable the use of MRNA
asatherapeutic, further highlighted the translational ability of nano-
medicine. Over two-thirds of the global population received at least
one dose of the nanomedicine-based vaccines withmore than12 billion
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Fig.1| The DELIVER framework for translating nanomedicines to the clinic. Summary of the DELIVER framework comprising essential considerations and
outcomes required at each development stage, targeted to the relevant stakeholders, for the successful clinical translation of nanomedicines.

total shots administered®’. Inlight of the recent and extensive clinical
translation of nanomedicines, we argue that we have entered a fruitful
periodinwhich the fundamental research over the past five decadesis
paving the way to the paradigm-shifting clinical outcomes that were
first promised. We postulate that industry, clinicians, patients, regu-
latory authorities and governments are poised for the widespread
clinical translation and adoption of novel nanomedicines that enable
superior treatment outcomes across a broad spectrum of therapeutic
indications, in addition to realizing the use of novel technologies as
medicines (for example, gene-editing tools)'.

Furthermore, when accounting for the evolution of clinically
successful nanomedicines, where each clinical product has addressed
the next frontier in medicine, from improved pharmacokinetics of
small single-molecule drugs (for example, Doxil, Abraxane, Onivyde),
to dual-drug systems (for example, Vyxeos), localized administra-
tion routes (for example, pulmonary delivery of Arikayce), improved
physical mode of action (for example, increased energy-dose deposi-
tion in tumours during radiotherapy with NBTXR3), and biological
delivery (for example, mRNA vaccines), we predict that the field is well
positioned torealize the next frontier, being targeted delivery and/or
personalized therapy. However, to achieve this, it is critical that new
nanomedicines are designed and developed for timely translation to
the clinic to ensure benefitis provided over current standard of care.

The DELIVER framework

The (un)successful translation of nanomedicines has provided
a blueprint for overcoming the common hurdles encountered
during nanomedicine development™'. Compiled from the expertise
of academic, industry and clinical-based investigators, we define the

DELIVER framework: aset of core principles that should be established
during early-stage development to deliver nanomedicines to clinical
development, regulatory approval and market registration (the acro-
nymis explained at the bottom of Fig. 1). When reviewed together with
key experimental, manufacturing, clinical, regulatory and business
considerations for mitigating risk across nanomedicine discovery
and development phases (that is, lead discovery; lead optimization;
preclinical evaluation; pharmaceutical development; clinical trials;
regulatory approval and market registration), it is intended that this
resource will help deliver superior treatment outcomes for patients
suffering from indications with clear clinical challenges, by avoiding
typical troubleshooting and barriers that add to the long list of ‘failed’
nanomedicines”.

Key considerations are suggested in each subsequent section and
areseparated into ‘Essential’, ‘Important’ or ‘Useful’. This provides guid-
ance over the considerations that should receive the highest priority,
noting that ‘Essential’ considerations are necessary to ensure clinical
success, while Important’ and ‘Useful’ considerations may delay rather
than prevent translation. Each development phase and subsequent
consideration are aligned to key stakeholders (that is, researchers,
industry, clinicians, regulatory bodies, universities, partners/inves-
tors; Fig. 1) who have distinct roles and responsibilities in executing
the development pathway of nanomedicines. However, collaboration
and partnerships between stakeholders is critically encouraged to
streamline the development process and maximize opportunities for
clinical translation.

This framework complements existing guidelines for pharmaceu-
tical (and nanomedicine) development (for example, International
Council for Harmonisation (ICH), US Food and Drug Administration
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Table 1| Nanomedicine design considerations to be reviewed by investigators for mitigating risk during nanomedicine

development
Risk Consideration for mitigating risk
Poorly defined Essential:
hypothesis and Define the indication or target disease state and current treatment challenges
objective Understand the biological target, pharmacokinetic-pharmacodynamic relationship, ideal biodistribution and how much target

engagement is needed for disease modification®
Define the ideal payload for the nanomedicine®

Define the desired nanomedicines’ properties and functionality based on biological target-focused development approach (that is, quality

target product profile)®

Understand the impact of surface design and chemistry on pharmacokinetic-pharmacodynamic relationship, protein corona formation

and biodistribution?

Identify the needs and benefits of nanomedicine approach, for example, improve therapeutic index, expanding drug targetable space (as

is the case for nucleic acid therapies)®
Important:

Obtain early clinical input to identify key issues that can inform nanomedicines and/ or study design

Useful:

Consider the advantages or limitations of combination therapy for indications where multiple drugs are typically used
Use a quality-by-design approach to define the nanomedicines’ objective, quality target product profile and preclinical experimental plan®

Essential:
Utilize biocompatible and non-toxic nanomaterials®
Important:

Nanomaterial toxicity

Utilize biodegradable nanomaterials or those that can be excreted via the kidneys without organ accumulation®
Where possible, use materials that can be manufactured to GMP grade, regulated and approved for human clinical use®
Understand potential hypersensitivity and immunogenicity issues related to nanomedicines’ surface functionalization (for example,

polyethylene glycol (PEG))

Avoid using toxic components during synthesis and assure optimal purification steps to reduce the number of potential residual

components inducing toxicity

Establish engineering measures that reduce or eliminate bacterial and endotoxin contamination to limit artefacts in in vitro and in vivo

data
Useful:
Undertake in silico toxicity screening

Characterize starting materials beyond manufacturer’s declarations to ensure product quality and limit potential artefacts during

preclinical evaluation

Poor compatibility
between drug and
nanomaterial

Important:

Characterize compatibility early in development?®

Theoretically evaluate compatibility via established databases and machine learning tools®

Adjust selection and/or design of drug and/or nanomaterial®
Screen and select linker chemistries or other moieties suitable for surface conjugation that are compatible with both the selected drug

and type of nanomaterial used®

Uncontrolled Essential:
drug release from

nanomaterial

Understand the release behaviour of the drug from the nanoformulation in different biological environments®
Select nanomaterials or chemistries with reproducible release characteristics®

Lack of consideration  Essential:
for final formulation
Important:

Define the necessary concentration of nanomedicines

Define the administration route, desired dosage form and dose frequency

Define the amount and type of solvent required to address potential solubility issues
Consider compatibility issues with required production processes and excipients required for delivery of final formulation

2Consideration relates specifically to nanomedicine development. All other considerations may be relevant across all therapeutic development.

(FDA), International Organization for Standardization (ISO) guide-
lines), and thus, should not be reviewed in isolation. While existing
guidelines are often reviewed during late-stage development, the
DELIVER guidelines are to advise investigators during early-stage
designand development. We must emphasize thatit is not the intention
for this framework to delay nanomedicine development by presenting
more hurdles, but on the contrary, to accelerate successful develop-
ment by alerting investigators to risks and mitigating considerations
early in development. In many cases, anew nanomedicine has only one
chance at clinical development; thus, choice of the ideal development
route and risk management are essential for obtaining success.

Design considerations

The discovery phase of nanomedicines requires investigators to select
nanomaterials that are expected to optimally improve the therapeutic
index of their target drug. Subtle changes in composition can exert
marked changes in physicochemical properties, stability and biological
functionality™. Thus, investigators must rationally select the nano-
materials and fabrication steps based on a sound understanding of
how each component impacts functionality. It is recommended that

the nanomedicine’s quality target product profile is clearly defined
beforeinitiating development, by balancing the desired efficacy with
biocompatibility, stability and manufacturability. Key design consid-
erations to mitigate risk during discovery are summarized in Table 1.

Define the desired nanomedicine’s properties using a
biological target-focused approach

The treatment challenges and biological barriers related to the target
indication should be well understood to establish adesign hypothesis
that defines the desired characteristics and functionality of nanomedi-
cines. Employing a biological target-focused development strategy,
or top-down approach, ensures that nanomedicines are rationally
designed and engineered to overcome awell-defined clinical challenge
by aligning the drug(s), delivery system and target patient popula-
tion to a specified biological target for optimal therapeutic activity®.
This approach ensures that the clinical challenge is at the forefront
of the design process and continues to be the priority throughout
development, including the rational selection of the therapeutic target
and agent, desired physicochemical properties, administration route,
dosage regimen and suitable preclinical models®.
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Select nanomaterials with the necessary attributes for clinical
use

Thebiocompatibility and toxicity of selected nanomaterials are aninte-
gral aspect of nanomedicine functionality'”®. The necessary toxicology
assessments required for nanomaterials that are not already regulated
and approved for human clinical use must be considered*. The quality of
allmaterials, including the encapsulated, complexed or conjugated drugs
along with potential degradants or impurities should be thoroughly
characterized and documented (beyond manufacturers declarations)®.
Alack of detailed characterization of the formulation materials may lead
to unexpected in vivo efficacy or toxicity profiles later in development.

Ensure drug integrity is maintained within nanomedicine
formulations

Drugencapsulation, complexation or conjugation with nanomaterials
introduces the risk of physical and chemical compatibility issues that
induce poor functionality and stability®°. For new drug and nanomate-
rial combinations, a comprehensive understanding of the chemical
composition and physicochemical properties of all materials within the
system is necessary for theoretically evaluating compatibility risks”.
Rational compatibility predictionis recommended before nanomedi-
cine development, which can be aided by established databases and
machine learning tools*. Once encapsulated, complexed or conju-
gated, it is essential that drugs are released in their active form at the
desired kinetics at the target site. For example, the cleavage mechanism
of covalently attached drugs should be well understood to demonstrate
active drug release at the target site.

Innovate without compromising simplicity, functionality and
manufacturability

Thereis atendency within exploratory nanomedicine research to push
the boundaries of innovation, in some cases, beyond what is feasible
for clinical translation. This can cause investigators to fallinto the trap
of designing overly complex systems and processes to ensure novelty,
patentability and publication within esteemed journals. While explora-
tory research activities are fundamental for progressing the field, it is
critical to balance innovation with logistical and financial feasibility
to ensure clinical translatability.

Experimental considerations

Experimental considerationsrelate to the characterization and preclini-
cal evaluation of nanomedicines (Table 2) and are to enable accurate
predictions of clinical therapeutic outcomes. Progressing through to
clinical investigation too rapidly, without a thorough understanding
of nanomedicines’ chemical compositions, physicochemical proper-
ties, pharmacokinetics and therapeutic activities, may resultin clinical
failure costing tens of millionsinlost resources, inaninstance where the
risk could have beenidentified and mitigated earlier in development.

Comprehensively characterize chemical composition and
physicochemical properties

Robust characterization of nanomedicines enables structure-activity
relationships to be defined and supports justification of the critical
quality attributes (CQAs) necessary for achieving the desired thera-
peutic response. Often overlooked is the chemical composition of
nanomedicines, including surface, core and structural configuration
ofthe different formulation components. While many studies attempt
to correlate physicochemical properties with biological behaviour,
there is a tendency to overlook the notable disparities between the
actual/real composition and the hypothetical structure, with most
studies incorrectly assuming that every excipient is fully integrated
within the nanostructure®. A lack of rigorous characterization of sur-
face functionalization and the spatial orientation of targeting ligands/
stealth moieties in organic nanostructures is also evident in litera-
ture. Thus, substantial focus should be placed on comprehensively

characterizing the chemical composition and surface functionalization
of nanomedicines, along with physicochemical properties outlined in
Table 2, to provide anin-depth understanding of the CQAs fundamental
to therapeutic activity.

Characterize drug release for improved predictability of
in vivo performance
Drug loading, encapsulation efficiency and release kinetics in bio-
logically relevant media and biomechanical/physiological mimetic
microenvironment conditions must be characterized for adequate
prediction of pharmacokinetic performance. This is exemplified by
AstraZeneca’s AZD2811, an Aurora-B kinase inhibitor encapsulated
within polymeric nanoparticles, for which nanoparticles with differ-
entrelease kinetics showed equivalent preclinical efficacy but notably
different bone marrow toxicities”. Pharmacokinetic differences have
also been observed for liposomal doxorubicin, Doxil and Myocet,
duetodifferencesinlipid composition, particle size and drug release
profiles. This has led to higher cumulative doses of Doxil being clini-
cally approved, compared with Myocet and free doxorubicin, due to
the capacity for Doxil to control release within the tumour site rather
than prematurely releasing doxorubicin within systemic circulation™.
Furthermore, the lack of efficacy of SPI-077 (liposomal cisplatin) in
phase I/l trials against head and neck cancers was attributed to insuf-
ficient drug release (that is, <10%) failing to exceed the target drug
concentrations necessary for inducing a therapeutic response?®.
Data obtained from in vitro drug release studies remain the
industry standard input for in vitro-in vivo correlations (IVIVC) and a
more accurate predictor for in vivo pharmacokinetics than nanopar-
ticle physicochemical properties. For example, BIND Therapeutics
showed that in vitro drug release from their ACCURINS polymeric
nanoparticle platform was a predictive factor for in vivo pharmaco-
kinetics, while surface chemistry properties, such as ligand surface
density and zeta potential, revealed no pharmacokinetic correla-
tion”. Challenges remain in deriving strong IVIVC for nanomedicines
due to limitations in simulating in vivo bio—nano interactions within
in vitro assays. In this context, the use of speciality in vitro bioassays
such as three-dimensional organ-on-a-chips, organoids, spheroids
and Transwell assays, along with advanced in silico models, such as
physiologically based pharmacokinetic (PBPK) and physiologically
based biopharmaceutics (PBB) models” %, are garnering attention as
integral tools that more accurately simulate the biomechanical/
physiological microenvironment and predictin vivo systemic disposi-
tion, target exposure, and drug efficacy and toxicity, while reducing
the over-reliance on animal testing™.

Establish bio-nano interactions and characterize the
biomolecular corona

The size and composition of the biomolecular corona dictates nano-
medicines’ biodistribution, cellular uptake, stability and efficacy™.
Despite this, the current literature largely overlooks the role of the
biomolecular coronain bio—nanointeractions and nanomedicine effi-
cacy*** by attributing greater focus to the physicochemical properties
of nanomedicinesinaqueous formulation buffers. Thus, comprehen-
sive characterization of the biomolecular corona and nanomedicines’
physicochemical properties should be performed in biologically rel-
evant media that simulates the in vivo environment relevant to the
disease state and administration route. Furthermore, nanomedicines
should beincubated with biological media before and/or duringin vitro
investigations for better prediction of the nanomedicine’s function-
ality and in vivo response. Establishing bio—nano interactions early
in development mitigates the risk of unexpected pharmacokinetic,
efficacy, toxicity and compatibility issues during preclinical/clinical
evaluation® and should be used for generating stronger IVIVC given the
integral role of the biomolecular corona in dictating nanomedicines’
absorption, distribution, metabolism and excretion®-,
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Table 2 | Experimental considerations relating to nanomedicine characterization and preclinical evaluation for mitigating
risk during nanomedicine development

Risk

Consideration for mitigating risk

Pilot batch production and characterization

Incomplete
characterization

Essential:

Design a set of tests that will enable comprehensive characterization of the formulation®

Characterize the following properties: chemical composition (including drug and excipient concentrations), particle size and size
distribution, morphology, shape and dimensions, structure, stability, dispersibility, surface charge and chemistry (including the
concentration and spatial distribution of functional groups, targeting ligands, stealth moieties, shells), purity, and sterility®
Characterize the bio-nano interactions of the nanomedicines in a relevant biological system to understand how the biomolecular corona
alters the physicochemical properties and functionality of the nanocarrier®

Characterize drug release (for example, loading, encapsulation and release kinetics) via well-established and reproducible methods in
biological media ideally relevant to the disease state®

Important:

Characterize the relevant concentration of nanomaterials and excipients present within nanomedicines?

Where possible, characterize the structural location and configuration of each formulation component?

Lack of
reproducibility of
physicochemical
properties

Important:

Create a standard operating procedure for production and characterization

Test various compositions and properties (for example, size, shape, chemistry) for structure-activity determination®
Demonstrate reproducibility by conducting characterization assays using powered statistics

Where possible, use multiple and orthogonal characterization techniques for the same physicochemical property.

Preclinical development

Irrelevant or
incomplete safety
and efficacy

Essential:
Understand the strengths and weaknesses of experimental models in reflecting the disease in humans
Define clinical benchmark (for example, standard of care, dosing schedule) and include in preclinical studies

evaluation Identify and utilize validated preclinical models (in vitro, ex vivo, in vivo and in silico) that are relevant to the target indication and patient
population with proven capacity in predicting human clinical outcomes
Establish most suitable disease model, experimental controls and quantitative measures
Identify biomarkers predictive of therapeutic responses
Demonstrate nanomedicines’ efficacy against target indication through well-defined biomarker quantification®
Ensure preclinical studies are carried out to support any potential combination agents
Establish pharmacokinetics, pharmacodynamics, biodistribution, toxicity and efficacy in multiple disease-specific in vitro and in vivo
models
Evaluate the benefit brought by the nanomedicine compared with the free drug and standard of care in the selected indication®
Characterize nanomedicines safety, on- and off-target toxicities of the free drug, and nanoformulation in various organ systems to establish
therapeutic margin®
Important:
Use scientific advice from advisory boards and regulatory bodies to ensure the planned preclinical programme is appropriate
Replicate using multiple preclinical models to establish efficacy and toxicity
Ensure structure-activity relationships for nanomedicines are well defined and define the boundaries of the nanomedicine, that is, when
does the nanomedicine stop functioning as desired®
Utilize pharmacokinetic-pharmacodynamic and other predictive models to predict performance in humans
Consider and/or evaluate the toxicity of individual excipients and the ‘empty’ nanocarrier®
Utilize quantitative imaging tools and/or computational approaches across in vitro and in vivo studies, where possible, to enable effective
comparisons to be made for key parameters (for example, measured using different compositions, disease models)®

Lack of Important:

reproducibility Extensively characterize physicochemical properties in media that is biologically relevant to the disease state®

of preclinical
therapeutic
outcomes

Define sample sizes based on statistical power before and after data collection
Generate IVIVC to improve understanding of nanomedicines’ level of exposure to target cells or tissues and to support clinical development?®
Use PBPK and PBB modelling capable of predicting in vivo performance through IVIVC

Poor inter-laboratory
replicability and
repeatability

Important:

Adhere, conduct and report experiments according to relevant minimum information and reporting standards, including but not limited to
‘Minimum Information Reporting in Bio-nano Experimental Literature’ (MIRIBEL)®* and ‘Animal Research: Reporting of In Vivo Experiments’
(ARRIVE)®2

Increase transparency, visibility, availability and utility of data by linking datasets and research elements (for example, new methodologies)
to data repositories

Experimental bias

Important:

Choose positive and negative controls relevant for your nanomedicines and for the characterization methods?®
Useful:

Randomize and blind treatment groups to minimize experimental bias

Over-commitment
of resources

Important:

Utilize advanced in vitro, ex vivo and in silico experimental models for predicting pharmacokinetics, efficacy and safety, before proceeding
to resource-intensive in vivo animal testing Define and incorporate ‘go/no-go’ checkpoints that serve as milestones for ensuring successful
preclinical development

Remain objective about the inherent weaknesses and likelihood of clinical success

Perform detailed cost-benefit analyses to identify cost-effective means for progressing development

2Consideration relates specifically to nanomedicine development. All other considerations may be relevant across all therapeutic development.

Understand the limitations of preclinical models

The success rate of cancer nanomedicines in phase I trials is reported
to be >90%, indicating that nanomedicines are mostly safe. However,
>80% of cancer nanomedicines fail in phase II/1ll trials due to poor

efficacy® . This highlights the inability for nanomedicines to demon-
strate equivalent clinical efficacies observed in the preclinical investi-
gations, whichis largely attributed to the shortcomings of preclinical
models. In most cases, the preclinical models and patient population
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tested in phase I trials are not representative of the more advanced
clinicalindications evaluated in phase Il/ll trials. Given the limitations
of each preclinical model, it is important to ensure that a convincing
datapackage canbe assembled viathe selected experimental approach.
Ideally, investigators should show that their nanomedicines: (1) achieve
improved (or equivalent) efficacy compared with the standard of care;
(2) have well-defined toxicity profiles with suitable therapeutic mar-
gins, tissue-specific responses and off-target effects; (3) demonstrate
favourable pharmacokinetics and biodistribution to target sites relative
to controls; and (4) are effective across multiple preclinical models
relevant to the disease. This requires rational selection of the preclinical
models used based on their limitations and advantages (for example,
selection of patient-derived orthotopic versus subcutaneous xenograft
models for cancer nanomedicines*®). Early-stage evaluation and opti-
mization studies should be performed using disease-specific in vitro
assays beforein vivo studies to reduce animal use, in accordance with
the FDA Modernization Act 2.0*.

Replicate, replicate, replicate

The poor reproducibility of nanomedicines is well documented®.
Batch-to-batch variability is common across some nanomedicine
production processes, necessitating characterization across multi-
ple unique batches. It is important that all characterization studies
are statistically powered accordingly*?, using biological replicates
rather than technical replicates. Where possible, multiple orthogonal
characterization techniques should be applied for characterizing the
same chemical, physical or biological property. For example, character-
izing particle size distribution via dynamic light scattering is routine
for assessing CQAs, but employing heightened characterization via
fractionation (thatis, asymmetrical flow field-flow fractionation) can
provide greater understanding of the population and nanomedicines’
heterogeneity.

Inthe context of disease, where clinical manifestations and pres-
entations are heterogeneous, it is important to consider what repro-
ducibility means with respect to efficacy and safety**. Thus, preclinical
studies also need to be statistically powered accordingly, with pre-
clinical studies replicated in multiple in vitro, ex vivo and/or in vivo
models. Given the lack of suitable preclinical models that precisely
simulate human disease, multiple advanced cell-based and/or animal
preclinicalmodels are required, as one model is typically not sufficient
to predict clinical efficacy or toxicity, especially across a heterogene-
ous patient cohort.

Define and incorporate ‘go/no-go’ checkpoints

Investigators arerecommended to incorporate key milestones within
each stage of the development process to serve as ‘go/no-go’ check-
pointsto avoid overcommitting resources to the development of nano-
medicines with low likelihood of translational success. Examples for
halting development include (but are not limited to) scalability and
stability concerns, poor reproducibility, undesirable drug release
and a limited improvement in therapeutic index compared with the
standard of care. The investigation team should consult with a nano-
medicine development and commercialization expert (for example,
Nanotechnology Characterization Lab'***) to provide critical assess-
ment of their technology.

Manufacturing, clinical and regulatory
considerations

Manufacturing, clinical and regulatory considerations (summarized
inTable 3) have importantimplications onthe necessary negotiations
between the investigatory team, contract manufacturers, clinicians,
regulatorybodies, industry partners and governments. The early stages
of nanomedicine development typically involve the production of
small-scale batches within a laboratory setting. These production
processes generally require important adjustments to material and

process variables to enable scalable production, presenting unique
considerations for mitigating manufacturing risks that prevent or
delay translation (Table 3). A quality-by-design approach, as previ-
ously described by BIND Therapeutics for their ACCURINS platform
development?, is recommended to develop a deep understanding
of the critical product attributes and process parameters that must
be retained during manufacturing for optimal functionality of nano-
medicines. Investigators should also consider the who, where, what and
how of clinical development: who will be tested and who will champion
the studies from a clinician perspective, where will the studies occur
(thatis, region of jurisdiction/market), what regulatory approval is
required, and how will they be facilitated from a resource perspective.

Ensure scalable and economical manufacturing processes
Investigators must carefully consider the desired scale of production
for their nanomedicines. For traditional therapies, scaling to large-scale
commercial production under good manufacturing practice (GMP) con-
ditions presents challenges, including difficulties maintaining equiva-
lent properties and therapeutic activity, stability issues and cost of
manufacture®. Inthe context of emerging personalized nanomedicines
(for example, mRNA cancer nanovaccines*®*’, nanomedicine-based
CART cell therapy*®~?), scaling down to module-based small-scale
production presents additional challenges related to quality batch
control where each batch is different (that is, personalized)*. In
either case, nanomedicines requiring challenging, sensitive and/or
resource-intensive methodologies present greater hurdles to clinical
translation®. It is imperative that each material and manufacturing
stepisrationalized and simplified. Complicated and lengthy processes
require increased resources and characterization, resulting in higher
manufacturing burdens and scaling challenges®.

Define CQAs

Toensure quality control, itisfirstnecessarytodefinethenanomedicine-
specific CQAs, which typically include physicochemical (for example,
size, surface charge, shape and morphology), drug (for example, load-
ing and release kinetics) and formulation (for example, sterility and
biocompatibility) propertiesthatare predictive of therapeuticresponse.
Investigators should define CQAs based on their understanding
of the nanomedicines to provide a framework for validating the per-
formance of the final manufactured product.

Ensure process and product quality control

Nanomedicines require stringent process controls and analytics to
ensure product quality. This is highlighted by Pacria’s discontinua-
tion of DepoCyt (liposomal cytarabine) following years of persistent
product quality, sterility and reproducibility issues that were frequently
scrutinized by regulatory authorities®. Detailed batch-to-batch char-
acterization of CQAs is required for understanding variability and
heterogeneity, and to ensure robust product development. A deep
understanding of how the intermediary steps and additional excipients
influence the final product CQAs is necessary for predicting, quanti-
fying and controlling the impact of manufacturing modifications on
the final product. In-line analytical tests that are non-destructive to
product and permit real-time analytics during manufacturing save time
andresources. Implementation often requires the use of microfluidic
devices and highly sensitive assays that can be built into manufactur-
ing skids. Heightened characterization using orthogonal analytical
toolsisalsobeneficial and recommended by regulatory guidance, but
sophisticated analytical tools can be resource intensive and should
therefore be used sparingly.

Establish clinical development framework

The study protocol (beginning with first-in-human, phase I trials)
clinicalbenchmark for target indication, participant inclusion/exclu-
sion criteria, recruitment and stratification, primary and secondary
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Table 3 | Manufacturing, clinical and regulatory considerations for mitigating risk during nanomedicine development

Risk

Consideration for mitigating risk

Manufacturing

Scalability issues

Essential:

Identify the required scale of production for nanomedicines of interest (for example, large-scale commercial production for traditional
nanomedicines, or small-scale production for personalized nanomedicines)®

Important:

Secure raw material sourcing and identifying back-up providers, preferably those of GMP grade to ensure reproducibility of raw materials
Early-stage production should be designed within an industrial manufacturing framework (for example, using a quality-by-design
approach) to ensure scalable and economical manufacturing

Limit the complexity of the design process to minimize cost of goods

Useful:

Undertake a risk assessment to identify what processing steps and/or materials present a risk for scale-up manufacturing and may require
modification

Identify the risk that process modifications may exert on nanomedicines properties and functionality®

Quality control
issues (for example,
batch-to-batch
variability,
heterogeneity)

Essential:

Implement an efficient control strategy by defining the critical material attributes (CMAs), critical process parameters (CPPs) and CQAs of
the nanomedicine using characterization data®

For personalized therapies, CMAs, CPPs and CQAs must be defined based on universal parameters across the module-based production
process and nanomedicines’ properties?

Important:

Develop robust analytical methods to control CMAs, CPPs and CQAs of material, process and product

Establish batch-to-batch reproducibility based on CMAs, CPPs and CQAs

Source raw materials from reliable suppliers with established quality control

Use compositions and synthesis processes that are simple and shown to create reproducible chemical compositions and physicochemical
properties®

Characterize and validate batch-to-batch consistency using robustly developed and qualified analytical methods with justified target
specifications

Characterize nanomedicines’ stability early within the development process to understand potential stability challenges and define the
processing steps necessary for optimization®

Document and validate production process for smooth technology transfer and scalable (up or down) manufacturing

Ensure end-to-end traceability of the product to secure safety

Overly complex
nanomedicine
designs and
production
processes

Important:

Establish manufacturing methodologies within an industrial framework where the production is amenable and scalable to GMP
manufacturing

Avoid processes that require challenging, sensitive, resource-intensive methodologies®

Useful:

Use a systematic approach towards nanomedicines manufacturing by employing pharmaceutical quality-by-design principles®

Poor stability

Essential:

Undertake storage stability assessments aligned to relevant regulatory guidelines, for example, at =20°C (or -80°C), 4°C and 25°C over
short-term (1, 3 and 7days) and long-term (3 and 6 months) storage periods to demonstrate shelf stability

At a minimum, stability needs to be ensured for dosing period (that is, preparation and administration)

Important:

Assess and validate storage stability of pilot batch manufactured product over a timeframe relevant to final product storage

Identify compatible excipients that can be added to the final product for improved storage stability

Ensure capability and useability with end-user

Ensure adequate in-use stability following reconstitution and end of dosing period

Ensure compatibility with giving sets/infusion bags (including lines and connectors), closed-system drug-transfer device or syringes/
needles, depending on administration route

Ensure stability during sterilization

Contamination and
lack of sterility

Important:

Reduce complexity within the manufacturing process to limit possible avenues of contamination and ensure sterility of the final product
Characterize sterility of the product throughout the various stages of development, including preclinical development and scale-up
manufacturing

Test various sterilization processes compatible with the final product early in preclinical development

Manufacturing
processes and costs
of goods too high

Essential:

Ensure materials and process costs are manageable

Undertake cost analyses during product and process optimization for effective cost management of manufacturing processes

Important:

For personalized nanomedicines, ensure economical module-based manufacturing process is developed where minor material and
process modifications can be implemented without dramatically increasing the cost of goods

Useful:

Consider outsourcing manufacturing to an experienced contract and development manufacturing organization early within development
to streamline production costs and save on capital expenditure

Technology transfer
issues

Important:

Document and keep all standard operating procedures and data in a format that can be transferred to partners

Align early with contract and development manufacturing organization assigned to generate a current GMP batch for understanding
industrial perspective and developing transferable/qualified manufacturing process and analytic methods

Environmental
impact

Important:

Design manufacturing processes that minimize environmental impact to ensure sustainability (for example, where possible, minimize
waste and emissions, select environmentally friendly materials and processes)

Undertake environmental assessment of manufacturing process to identify environmental impact and develop and implement mitigating
solutions that minimize the impact, in accordance with regulatory guidelines (for example, the FDA's Guidance for Industry: Environmental
Assessment of Human Drug and Biologics Applications®®)
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Table 3 (continued) | Manufacturing, clinical and regulatory considerations for mitigating risk during nanomedicine

development

Risk Consideration for mitigating risk

Clinical development

Irrelevant indication  Essential:
or poor clinical trial

design

Define relevant benchmark and expected primary and secondary endpoints in clinical trials early in development
Undertake clinical investigations in accordance with ICH guidelines

Ensure the translational pathway of nanomedicines is backed by biomarkers that are predictive of therapeutic response and can be

monitored across preclinical and clinical investigations®

Selection of the most relevant indication based on its responsiveness to the developed treatment

Important:

Interact with clinical key opinion leaders early to establish clinical pathway
Select subpopulation addressable by nanomedicines (for example, by evaluating the enhanced permeability and retention effect for

cancer therapy)®

Anticipate the impact of previous (first line) treatments on nanomedicines efficiency including fibrosis and drug resistance apparition®
For nanovaccines, establish immunization schedule, especially within the paediatric population®
Anticipate hypersensitivity and immunogenicity issues that may arise from nanomedicines (for example, anti-PEG effect)

Poor patient Essential:

stratification

Identify the target patient population early in development

Poor patient Essential:
acceptance

dosing and dosage frequency, cost, and adverse effects

Anticipate and predict patient acceptance during early-phase nanomedicine design, including but not limited to, administration route,

Balance patient acceptance with advantages gained over existing treatments®

Technical clinical
challenges

Important:

reconstitution, infusion times, formulation dispersion)

Consider and mitigate technical challenges associated with preparing and administering nanomedicines to the patient (for example,

Failed primary Essential:
and/or secondary
endpoints Useful:

Carefully define primary and secondary endpoints based on the core objective of the designed nanomedicines®

Conduct a non-inferiority trial to demonstrate non-inferior efficacy compared with the standard of care, with toxicity serving as the

secondary endpoint

Regulatory approval for conducting clinical trials

Poorly defined
regulatory pathway

Important:

compilation and submission®

Interpret the guidelines (for example, ICH, FDA, ISO guidelines) and align with regulatory authorities to identify requirements for dossier

Understand the regulatory process for target region(s) of jurisdiction
Consult early with regulatory experts and bodies to identify optimal regulatory pathway, risks and potential concerns relating to delayed or

non-approval
Useful:

Adhere to the FDA's Guidance for Industry: Drug Products, Including Biological Products, that Contain Nanomaterials

87a

Incomplete dossier Important:

Understand and compile the essential data required for dossier submission based on relevant guidelines
Obtain and report well-defined product characterization, efficacy and safety (that is, therapeutic window), and mechanism of action

Conflicting advice
from different
agencies

Important:

Establish and meet minimum requirements from various agencies in an attempt to satisfy each party
Prioritize target regions of jurisdiction in a systematic manner

“Consideration relates specifically to nanomedicine development. All other considerations may be relevant across all therapeutic development.

endpoints, and ethics considerations for clinical testing should be
established early within nanomedicine development. It is essential
thatthe target populationis well defined, asin many cases, treatment
and dosage designis dictated by the population. Industry invests sub-
stantial resources into rational patient selection processes, defining
outcome criteria, biomarker assessments and treatment schedules®,
giventheimportance of these design factors on trial success. Anoppor-
tunity forimproved patient stratification lies in companion diagnostics.
Merrimack recently showed a correlation between ferumoxytol (iron
oxide nanoparticles) tumour accumulation and Onivyde (liposomaliiri-
notecan) treatment response’, indicating that companion diagnostics
could be used to successfully screen and identify patients more likely
torespond to treatment. Alternatively, histopathological biomarkers
from tumour biopsies were recently shown to correlate with liposomal
doxorubicintumour accumulation®, and thus, could be a powerful new
approach for patient stratification.

The primary and secondary endpoints of all clinical trials mustbe
carefully selected. Nanomedicines are frequently designed to improve
the therapeutic index by mitigating off-site toxicity. It may therefore

be more suitable to undertake a non-inferiority trial with toxicity as
asecondary endpoint, where the aim is to demonstrate equivalent
efficacy (that is, non-inferior) and lessened toxicity compared with
the existing standard of care®®. Important case examples include
non-inferiority trials conducted for paclitaxel-based nanomedicines,
Abraxane® and NK105°*°", Inboth cases, treatment efficacy was shown
to be non-inferior but peripheral sensory neuropathy toxicity was
reduced compared with conventional paclitaxel, providing avenues
for further development and clinical investigation.

Understand clinical development challenges for
nanomedicines

Nanomedicines face numerous clinical challenges that may prevent
their successful development. A key example lies in the development
of CPC634, cross-linked polymeric micelles entrapping docetaxel.
CPC634 showed excellent preclinical safety and efficacy, clinical
safety, improved pharmacokinetics and a fourfold-higher tumour
accumulation compared with Taxotere (conventional docetaxel)
in three phase I trials in patients with solid tumours®***. However,

Nature Nanotechnology


http://www.nature.com/naturenanotechnology

Review article

https://doi.org/10.1038/s41565-024-01754-7

Table 4 | Business development considerations for mitigating risk in nanomedicine development

Risk Consideration for mitigating risk

Essential:
Assure a viable business case

Poorly defined or
executed business
plan

Develop a clear business strategy encompassing nanomedicine discovery to clinical translation

Budget for the development process across each key phase of development
Complete a multi-year scenario analysis that includes anticipated value inflection points and an exit/licensing/return on investment

strategy, and assure a financial back-up plan
Build a strong and broad IP portfolio

Build a founding team strategically, comprising the necessary scientific, professional and business expertise

Important:

Establish an advisory board early in development to provide guidance on business and development plan

Identify a path of ownership for IPs by assessing the benefit of ownership

Discuss business and development strategy with industrial key opinion leaders to define requirements for ideal data package (for example,
in view of licensing and exit strategy); translate key opinion leader advice into development strategy Useful:

Identify and secure commercialization partner early in development

Funding limitations Important:

Establish a funding model that details proposed funding acquisition across each development stage

Identify a commercialization strategy and establish business plan early in development to ensure feasible clinical development
Seek investment from industry, venture capitalists, government and/or philanthropic initiatives for clinical development
Publish strategically and within journals of high reputation to attract funders and partners

Demonstrate the platform capabilities of developed nanomedicines to maximize funding and commercial opportunities

Poorly defined
target market

Important:

Identify and define target region based on market potential

Establish market potential by identifying the commercial value related to the target patient population
Perform detailed cost-benefit analyses based on anticipated market value, before development

Competition Essential:

Survey industry and clinical landscape to identify present and future competitors’ products

Identify competitive advantage over existing treatments and/or competitors’ products (on the market and in development)

Identify the clinical (efficacy and/or safety) and commercial advantage of the nanoformulation over the conventional drug formulation
IPissues Essential:

Review prior art before starting development

Define novelty compared with prior art and standard of care

Define non-obvious component(s) of nanomedicine

Engage early with commercialization team and patent attorneys to establish IP strategy
Where existing patent(s) potentially impede nanomedicines’ development, consider identifying strategies to work around prior art and
consider obtaining early insight into a potential license deal structure

Important:

Submit invention disclosure(s) and engage early with commercialization team

Engage early with patent attorneys for consultation
Review current literature and patent landscape

Understand grace periods for public disclosure with specific region(s) of jurisdiction

it failed to demonstrate superior therapeutic activity versus historical
Taxotere datainasubsequent phase Il trial conducted in patients with
platinum-resistant recurrent ovarian cancer®. Key lessons learned
were: (1) phase I trials represent a heterogeneous patient population
witha collection of indications due to the need for timely recruitment
processes; (2) false dogmas regarding native drug exposure in tumour
tissue may lead to better than expected efficacy, necessitatingaclear
understanding of native drug performance; (3) tumour lesions within
individual patients are heterogeneous, probably due to the several pre-
cedinglines of treatment, as novel regimens are only ethically approved
oncestandard careis exhausted; and (4) drug release in tumour tissue
may be slower than expected, as enhanced CPC634 tumour uptake did
not correlate with enhanced docetaxel exposure. Thus, investigators
must have a clear understanding of the multifaceted risks associated
with clinical development to design mitigating strategies that minimize
risk of failure.

Seek regulatory advice early

Theregulatory framework relating to nanomedicines is complex and
remains underdeveloped worldwide®. Thisis largely due to the intrinsic
variability of nanomedicines, the lack of regulatory precedence and,
insome cases, the speed in which scientific advances are made within
the field. Investigators require a sound understanding of the regula-
tory process for their target region(s) of jurisdiction, along with the
subtle nuances related to classification, terminology and regulatory
criteria®. For example, conjecture remains regarding what defines an

active substance versus an excipient in nanomedicines®®, with different
agencies treating various nanomedicine components differently. A
clear lack of consistency and uniformity exists for the worldwide regu-
lation of nanomedicines, with key regulatory bodies such as the Euro-
pean Medicines Agency (EMA) and the FDA employing vastly different
nomenclature and regulatory approaches towards nanomedicines®*’.

Ultimately, navigating the regulatory landscape requires exper-
tise. To mitigate regulatory risk and identify concerns that may lead
to delays or non-approval, it is recommended that investigators seek
advice early and/orincluderegulatory experts within their wider team,
familiarize themselves with regulatory guidelines and meet with regula-
tory agencies during development, before clinical development and
submitting dossiers for review®®. A prime example lies in the failure for
Opaxio (paclitaxel/poly(L-glutamic acid) nanoconjugate) to obtain
approval from the EMA due to concerns over the clinical trial design
and methodology, despite demonstrating a42-day survivalincrement
intreating non-small cell lung cancer, compared with the comparative
treatment’®, Failure to obtain approval may have been alleviated if
appropriate consultation with regulatory authorities was conducted
before clinical development.

Actearly to define the regulatory pathway

Identifying the most appropriate regulatory pathway and strategy in
the early phases of nanomedicine development is integral for timely
and cost-effective translation and product approval. This is because
the documentation and evidence required for each type of dossier
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Table 5 | Targeted stakeholder-specific recommendations for overcoming critical challenges impeding the translation of

nanomedicines to the clinic

Current challenge

Responsible stakeholder(s) Actionable focus points

Translation-enabling outcomes

Design challenges

Collaboration All « Establish consortia of experts representing the key « Improved understanding of challenges
between stakeholders in nanomedicine development facing various stakeholders and
stakeholders « Undertake co-development and research between development phases of nanomedicines
academia, industry and clinicians for the design and « Streamlined approach for translating
investigation of nanomedicines nanomedicines
« Curate data across stakeholders relating to « Enhanced capacity to overcome critical
nanomedicines’ production, characterization, and hurdles preventing translation
preclinical and clinical investigation « Increased transparency across stakeholders
« Robust and large-scale datasets that
can be incorporated within data-driven
development methods (for example, artificial
intelligence databases)
Fundamental Researchers; clinicians « Engineer new nanomedicines composed of novel Improved understanding of:

understanding

materials, chemistries, structures and compositions
« Explore relationship between nanomedicines design and
functionality

« Diseases biology and physiology

« Structure-activity relationships

«» Novel engineering approaches for producing
nanomedicines

Experimental challenges

Nanomedicine
characterization

Researchers; industry

« Implement surface-sensitive analytical tools (for
example, electron tomography, surface enhanced
Raman spectroscopy) for highly resolving the surface
composition and structure of nanoparticles

« Engineer new characterization methodologies capable of
highly resolving the true physical, chemical and biological
composition of nanomedicine

Improved understanding of:

« ‘True’ composition of nanomedicines
« Bio-nano interactions.

» CQAs dictating performance

« Structure-activity relationships

Biomolecular Researchers

corona

« Employ standardized methods for characterizing the
biomolecular corona®.

+ Elucidate impact of nanomedicine structure and
composition on biomolecular corona formation, in vitro
and in vivo®, including through the use of machine
learning models®™

« Increase focus on characterizing the lipid and
carbohydrate components of biomolecular corona (that is,
beyond the protein corona)

« Characterize biomolecular corona of nanoparticles in
administration route- and disease-relevant biological fluids®

« Improved IVIVC®>*®

« Improved understanding of nanomedicines’
properties dictating performance

« Greater control over the pharmacokinetics
(specifically clearance and biodistribution) of
nanomedicines

« Establishment of new engineering methods
for controlling biomolecular corona
formation

Preclinical models Researchers; industry;

clinicians

- Optimize, validate and implement advanced in vitro
models comprising human tissues (for example,
organ-on-a-chip, three-dimensional spheroids)

« Improve the clinical relevance of animal models through
the use of human tissues

« Optimize in silico models (for example, PBPK, PBB) that
can be integrated with in vitro and in vivo models

« Stronger IVIVC
« Improved prediction of clinical outcomes
» Reduced dependence on animal testing

Data standardization
and sharing

Researchers; industry;
clinicians; regulatory
bodies

+ Define standardized testing and reporting of
nanomedicines

« Share data and methodologies openly via open
repositories

« Improved inter-laboratory replicability and
repeatability

« Increased utility of data for implementation
within artificial intelligence and machine
learning models

« Promotes a collaborative culture between
laboratories and various stakeholders

Manufacturing challenges

Scalability and
economics

Industry; researchers;
regulatory bodies

« Integrate autonomous and digital manufacturing
processes that utilize machine learning and artificial
intelligence

« Continue advancing and implementing self-driving
laboratories within the NanoMAP framework®'

« Continue advancing and implementing new and existing
synthetic methodologies (for example, click chemistry)

« High-throughput manufacturing for
improved efficiency

« Increased scalability

» Reduced manufacturing costs and resources

» Minimized human error.

« Increased capacity for real-time decision
making and implementation

« Advanced processes and quality control that
enhance simplification, agility, efficiency,
quality and connectivity®?

Personalized
nanomedicines

Industry; researchers;
regulatory bodies

« Identify and define bottlenecks within healthcare
supply chain that limit the translatability of personalized
nanomedicines

« Establish and validate high-throughput, module-based
manufacturing workflows with integrated batch variation
for personalization

« Design and engineer point-of-care manufacturing
technologies®™

« Improved understanding of the challenges
facing the manufacturing of personalized
nanomedicines

« Increased cost-effectiveness, accessibility
and implementation of personalized
nanomedicines
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Table 5 (continued) | Targeted stakeholder-specific recommendations for overcoming critical challenges impeding the

translation of nanomedicines to the clinic

Current challenge Responsible stakeholder(s) Actionable focus points Translation-enabling outcomes
Regulatory challenges
Regulatory Regulatory bodies; « Establish the international harmonization of regulatory « Greater clarity for regulatory guidance,

harmonization industry; researchers;
clinicians

stakeholder consortia®

nomenclature, documentation and assessment of
nanomedicines, derived from the expert opinion of

definitions and the approval process
« Streamlined processes for regulation of
nanomedicines within a global context®

Clinical challenges

Clinical trial failure Clinicians; researchers;

industry
56

treatment response”

tumours®)

« Develop, validate and implement effective patient
stratification approaches for targeted patient recruitment
(for example, using companion diagnostics for predicting

, and/or assessing histopathological

biomarkers for predicting nanoparticle accumulation in

« Improved understanding and prediction
of responders versus non-responders to
nanomedicines

« Improved patient stratification

« Increased realization of primary and
secondary endpoints in clinical trials

varies considerably. Investigators should familiarize themselves with
key guidelines from regulatory authorities (for example, the FDA’s
Guidance: Drug Products, Including Biological Products, that Contain
Nanomaterials™). The conventional pathway for new therapeutics,
including nanomedicines, involves filing an investigational new drug
application (IND) or biological license application (BLA) through the
FDA, orequivalent. The IND and BLA require relevant, comprehensive
and congruous characterization and preclinical data to demonstrate
safety and efficacy, and, if approved, enables clinical investigation
through phase I trials to evaluate safety and pharmacology’”. Phase Il/
Il studies follow to demonstrate efficacy in scaling population sizes,
followed by the filing of a new drug application (NDA), enabling product
approval.Insome cases, however, nanomedicines comprising existing
drug(s) may be reviewed as a generic formulation (that is, nanosimi-
lars) and, therefore, are exempt from IND and BLA filing and full clini-
cal testing”. Clearly, the resources required for both pathways varies
considerably, reiterating the need to identify the regulatory pathway
with the fewest hurdles early in development.

Business development considerations

A business strategy must be developed in parallel to design, experi-
mental, manufacturing, clinical and regulatory considerations to
ensure feasibility across all development phases’”. The risks associ-
ated with business development of nanomedicines are summarized
in Table 4 along with accompanying considerations. For many inves-
tigators, developing and executing a business plan can be a daunting
process, but it should be noted that many national and international
incentives and entrepreneurial mentoring programmes exist to support
technology commercialization and provide guidance in business and
product development. Ultimately, the business development pathway
for nanomedicines is complex. No one set approach guarantees suc-
cess or failure. Rather, in addition to the considerations outlined in
Table 4, scientist-entrepreneurs are encouraged to follow aset of core
principles defined by the Langer Lab for promoting successful product
development and commercialization, being: (1) think big and act early,
(2) patent broadly, (3) publish strategically, and (4) build the found-
ing spin-off team with care”’®, The success of this entrepreneurial
approachtonanomedicine development is evidenced by >40 successful
spin-off companies stemming from the Langer Lab’’, including Mod-
erna, whoplayedacriticalroleinleading the coronavirus disease 2019
(COVID-19) immunizations efforts through their nanoparticle-enabling
SARS-CoV-2 vaccines®™.

Define the business plan

A clear and robust business plan is recommended during early-stage
development to fund the development process and ensure feasibil-
ity, end-product profitability and a clear return on investment. The
commercialization pathway of nanomedicines typically involves

either industry co-development, licensing or the establishment of
a spin-off company. The one common factor for all scenarios is the
need forimportant financial investment to fund clinical development.
Costs associated with nanomedicine clinical development are typi-
cally greater compared with those for standard formulations and small
molecules; thus, profitability and return oninvestment present crucial
aspects for the business plan. Investigators should identify the most
suitable pathway for their nanomedicines, as the type of sponsorship
and funding available may differ for each scenario (for example, indus-
try, government, venture capitalist investment).

Establish market potential, competition and freedom to
operate

Understanding the industrial and clinical landscape relating to nano-
medicines, disease state and current treatments is necessary for ensur-
ing commercial success. Ideally, (1) amarket exists with acommercially
viable patient population; (2) the new nanomedicines provide acom-
petitive advantage over existing treatments; and (3) investigators have
freedomto operate and are notimpeded by existing and patented intel-
lectual property (IP)*. Tounderstand whether new nanomedicines tick
each of these boxes, investigators should engage with patent attorneys
and commercialization teams early in development to ensure patent-
ability, freedom to operate and steps to protect IP are established.

ProtectIP
Ownership of IP provides exclusivity by preventing competition and
is therefore highly valuable for capitalizing nanomedicines. Thus, to
maximize the commercial potential and value of newly developed
nanomedicines, it is integral that all IP is protected. This necessitates
thatinvestigators understand the three aspects of patentability, being
novelty, inventive step and industrial applicability. Nanomedicines
are considered novel if the invention has not been publicly disclosed,
including publications, conference presentations, written and verbal
conversations, and other common means of dissemination. Grace
periods for public disclosure existin some regions of jurisdiction, but to
mitigaterisk, investigators should avoid disclosing their invention out-
side their hostinstitution or under a strict non-disclosure agreement.
Understanding whether the nanomedicinesinclude aninventive
step requires a sound understanding of existing literature, including
patent literature. It is important to consider the multiple layers of
innovation that comprise most nanomedicines. A key example lies in
the recent development of lipid nanoparticle-based mRNA vaccines
where the nanoparticle composition, ionizable lipid chemistry, mRNA
construct and manufacturing process all form inventive aspects®.
While the importance of IP cannot be overstated, it should be noted
thatininstances where thereisanunprecedented and urgent need for
anew product, innovation, translation and commercialization canstill
be facilitated without a patent. For example, in the case of pandemics
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orrarediseases for which there are no known treatment options, other
incentives such as government financial support and large procure-
ment contractsserve as the driving force for commercialization, rather
than patents®,

Targeted recommendations to advance
nanomedicine translation

The evolving nature of nanomedicines necessitates that key stake-
holders drive technological and regulatory changes to overcome cur-
rent translational hurdles. We propose that critical advancements are
required across several aspects relating to nanomedicine development,
investigation and regulation to overcome existing pitfalls and stream-
line their delivery to the clinic. Table 5 presents stakeholder-specific
recommendations related to key actionable focus points, where in
many cases, assembly of expert consortia representing the various
stakeholdersin nanomedicine development (that s, researchers, uni-
versities, industry, regulatory bodies, clinicians and so on) isrequired
forthedelivery of translation-enabling outcomes that overcome exist-
ing challenges.

Outlook and future directions

The future of nanomedicines is exponentially brighter despite the
many innate challenges that face clinical translation. Formulating
nanomedicinesinvolvesinherently iterative processes that must be
driven by rational scientific enquiry across numerous decision points
and optimization steps. To help navigate these processes and deci-
sion points, we have proposed the DELIVER framework that can be
referred to and considered by investigators to aid them in reaching
the ultimate goal—clinical translation and global adoption. How-
ever, given the high degree of diversity in nanomedicine design and
application, itis not possible for this framework to serve asa‘one size
fitsall’ or universal approach that guarantees successful nanomedi-
cine development. Rather, we outlined the minimum core principles
that must be met for clinical success, along with non-essential, but
stillimportant criteria that should be considered to facilitate timely
translation.

Itisrecommended that investigators critically evaluate their own
nanomedicine development pathway, with the help of this framework,
to determine their technology-specific criteria. Consultation with
industry, regulatory and clinical experts is essential across multiple
stages of development, including early-stage development, to evalu-
ate the chance of clinical success. Ultimately, it is expected that using
acriticaland biological target-focused development outlook will con-
tribute to the fruitful period of nanomedicine development by adding
to the growing list of clinically approved nanomedicines.

While we believe that the DELIVER framework will help investiga-
tors realize the essential criteria for translating nanomedicines, it
wouldbenaive tosuggest that aframework alone canentirely overcome
the hurdles and pitfalls that restrict translatability. Thus, adherence to
this framework does not ensure translatability. Instead, collaboration
across each stakeholder is necessary to overcome critical challenges
impeding the successful translation of nanomedicines, specifically
related to the characterization, preclinical evaluation, standardized
testing, scalability and manufacturing economics, and regulation of
nanomedicines. We expect that targeted delivery of actionable focus
points, in conjunction with the advent of the fourth industrial revolu-
tion ‘Industry 4.0’, will continue to drive innovation of nanomedicines,
facilitating broader and more extensive clinical success, toand beyond
the next frontier of medical capability. As the field continues to evolve,
itis critical that the DELIVER framework also evolves and is refined
to meet the needs of clinically developing nanomedicines from an
industry, clinical and regulatory standpoint.

Finally, it must be reiterated that it is not the intention of the
DELIVER framework to advocate against exploratory or ‘blue sky’
research activities that have no or little intention of immediate clinical

translation. Fundamental research s critical for progressing the field of
nanomedicine and is necessary to uncover the underlying mechanisms
that underpin nanomedicine efficacy and toxicity, as well as contrib-
ute to radically new concepts and solutions. Fundamental investiga-
tors must continue to develop and explore novel nanomedicines and
inform translational investigators of the mechanisms driving disease
pathology, the bio-barriers limiting therapeutic efficacy, the need for
patient stratification, and the future strategies that can be employed
for optimizing nanomedicines efficacy.
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