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ABSTRACT: Nanocarriers have significant potential to advance
personalized medicine through targeted drug delivery. However, to
date, efforts to improve nanoparticle accumulation at target disease
sites have largely failed to translate clinically, stemming from an
incomplete understanding of nano−bio interactions. While
progress has been made to evaluate the effects of specific physical
and chemical nanoparticle properties on trafficking and uptake,
there is much to be gained from controlling these properties
singularly and in combination to determine their interactions with
different cell types. We and others have recently begun leveraging
library-based nanoparticle screens to study structure−function
relationships of lipid- and polymer-based drug delivery systems to guide nanoparticle design. These combinatorial screening efforts
are showing promise in leading to the successful identification of critical characteristics that yield improved and specific
accumulation at target sites. However, there is a crucial need to equally consider the influence of biological complexity on
nanoparticle delivery, particularly in the context of clinical translation. For example, tissue and cellular heterogeneity presents an
additional dimension to nanoparticle trafficking, uptake, and accumulation; applying imaging and screening tools as well as
bioinformatics may further expand our understanding of how nanoparticles engage with cells and tissues. Given recent advances in
the fields of omics and machine learning, there is substantial promise to revolutionize nanocarrier development through the use of
integrated screens, harnessing the combinatorial parameter space afforded both by nanoparticle libraries and clinically annotated
biological data sets in combination with high throughput in vivo studies.

KEYWORDS: drug delivery, nanocarriers, nanomedicine, DNA barcode, layer-by-layer, combinatorial screen, big data, omics,
machine learning

■ INTRODUCTION

Nanomaterial-based drug delivery systems can be used to
encapsulate therapeutic cargos, ranging from small molecule
compounds to nucleic acids, preventing undesired cargo
degradation and increasing circulation time.1−3 Recent
advances in lipid nanoparticle (LNP) technology enabled the
successful development of both the first FDA-approved siRNA
therapy4 and also mRNA delivery platforms to create the first
vaccines against COVID-19.5−7 While these LNPs and other
nanoparticle systems can be effective at stabilizing and
delivering cargo to cells in filtration organs such as the liver
when delivered systemically, or locally but nonspecifically
delivering to cells at the site of injection, targeted delivery to
specific tissues and cells remains an unaddressed challenge.8,9

In fact, targeted nanomedicines often fail to translate to the
clinic; of the nanoparticle-based drug delivery strategies that
have been successfully approved for clinical use, the over-
whelming majority are untargeted liposomal formulations.10

Further, both the translational and clinical successes of

nanocarriers are currently much lower compared to other
types of pharmaceutical technologies.11

The complexity and heterogeneity of both the biological
environment and nanocarrier constructs pose a major trans-
lational hurdle, making it prohibitively challenging to
deconvolute individual factors contributing to nanocarrier
delivery. The field of nanomedicine currently suffers from a
stark disconnection between fundamental science and transla-
tional advancement.12 However, we will only be able to
meaningfully advance this field by bridging the gap between
basic and clinical science and allowing each to inform the
other. This can be achieved by developing the tools and
methodologies that enable the fundamental study of nano−bio
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interactions in a clinically meaningful way (Figure 1). While
protein interactions with nanocarriers are an integral part of

delivery success, and protein corona effects have been reviewed
extensively,13−16 this Perspective will mainly focus on the use
of high throughput and pooled screening approaches to gain a
new level of insight into nano−bio interactions.
In recent years, the advent of high throughput sequencing

techniques and the accessibility of these technologies have
dramatically advanced the field of clinical genomics, such as
through the use of DNA-encoded libraries. And in the area of
small molecule drug design, advances in sequencing and
barcoding technologies have enabled the development of
potent targeted therapies at a rapidly accelerating pace through
the generation of large biomedical data sets and use of omics
analyses.17−23 These pivotal approaches are beginning to be
applied to nanomedicine, providing the opportunity to advance
the field in an unprecedented manner (Figure 2).
To leverage these approaches and maximize their impact on

nanocarrier design and performance, barcoding and pooling
strategies should ideally be compatible with a wide range of
nanocarrier materials and formulations. Developing broadly
applicable capabilities would enable the generation of large,
nanocarrier-specific data sets to interface with existing
biomedical and omics databases. Such integrated data sets
could further amplify our understanding of drug delivery
through the development and application of predictive
machine learning algorithms. If successful, these strategies
would pave the way to a holistic understanding of both the
materials properties and biological features mediating
successful drug delivery, ultimately allowing us, as a field, to
realize the full potential of nanomedicine.

■ COMBINATORIAL NANOCARRIER LIBRARIES
Advances in nanocarrier fabrication have led to large,
combinatorial libraries of lipid and polymer-based nanocarriers
for drug and gene delivery applications, including lipid
nanoparticles for RNA delivery, chemically diverse core−
shell NPs, and lipocationic polyesters.24−28 More recently,

nanocarrier library screens have been coupled with machine
learning algorithms to identify materials properties needed for
efficient uptake, gene silencing, and biocompatibility. For
example, Reineke and co-workers employed random forest
algorithms to identify physicochemical properties required for
ribonucleoprotein (RNP) delivery and efficient gene editing
using a library of 43 chemically diverse copolymers.29 Using
this approach, the researchers found that there are three main
components contributing to successful transfection and that
each of these components is mediated by distinct phys-
icochemical properties of the nanocarrier: editing efficiency
(hydrophobicity), RNP uptake (protonation state), and
cellular toxicity (polyplex diameter).
The parameter space and statistical power afforded by these

libraries have enabled detailed structure−function investiga-
tions to probe and decouple nanocarrier features leading to
effective and efficient delivery. However, a majority of these
screening efforts have focused predominantly on the materials
properties leading to successful delivery, testing these
combinatorial libraries only in limited in vitro settings. This
is due to the large combination of nanocarriers to trial, as both
the scale and cost of expanding, or even implementing
combinatorial screens in vivo, present a significant barrier to
further study. As it is well established that in vitro and in vivo
results often do not correlate due to the additional complex-
ities presented by the body, new methods to screen nanocarrier
performance in the context of diverse biological settings must
be considered.30,31 In addition to biological complexity
stemming from both cellular heterogeneity within a given
tumor and patient-to-patient heterogeneity, protein and serum
interactions (opsonization), detection and clearance by the
reticuloendothelial system (RES), and transport barriers
(tissue penetration, blood vessel transport) must also be
accurately taken into account. This again underscores the
critical need to develop tools, such as high throughput pooling
strategies that enable simultaneous screening of multiple

Figure 1. Development of nanomaterials systems for drug delivery is
traditionally focused on the study and optimization of materials
properties. To overcome biological delivery barriers, we must shift the
focus to understanding the interactions of cells and tissues with
nanocarriers. We can achieve this through integrated approaches,
including the use of nanoparticle libraries, pooled screening, and
omics characterization.

Figure 2. Illustrated examples of nanocarrier screening approaches.
Traditionally, candidate formulations are tested iteratively, in one or
two models at a time, with a focus on materials property testing.
Through the use of pooled cell screening, the same formulations can
be screened against hundreds of cell lines simultaneously, providing
insight into the biological features mediating successful nanocarrier
targeting and uptake. Alternatively, barcoding strategies can be
implemented to pool nanocarriers for accelerated biological screening.
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nanocarriers in a single system, to study structure−function
relationships of nanocarriers in vivo.

■ POOLED NANOPARTICLE LIBRARIES AND DNA
BARCODES

Barcoded nanocarriers are one approach to rapidly screen large
numbers of drug delivery vehicles in a single system.
Nanocarrier barcoding strategies have come a long way from
the first reports of barcoded nanoparticles that relied on
imaging-based decoding approaches with limited biological
applications.32−36 In recent years, advances in sequencing
technologies and high throughput screening have inspired the
use of nucleic-acid-based barcodes to profile nanocarrier
performance and function as an alternative to relying on the
nanocarrier itself for barcode identity.
Specifically, DNA barcodes, which leverage both the low

limits of detection and almost limitless combinations of
nonfunctional nucleic acid sequences, have enabled the
pooling and screening of multi-thousand member LNP
libraries for in vivo identification of successful lipid
formulations with desired properties. These structure−
function studies have enabled the identification of lipid
structures for tissue-specific targeting without the use of
additional targeting ligands.37−40 These approaches have since
been leveraged in pooled settings to rapidly evaluate thousands
of lipid NP formulations in biological contexts. Machine
learning and artificial intelligence are being incorporated to
further guide and predict successful nanocarrier design.41 Even
though these pooled screens have rapidly accelerated the rate
at which successful LNP candidates are identified for their
clinical potential, the majority of reported efforts have focused
on materials properties. There have been significantly fewer
investigations into the biological components contributing to
LNP success, a key parameter for overcoming the translational
hurdle of patient-to-patient heterogeneity. Given the avail-
ability of these LNP data sets and possibility for multidimen-
sional analyses,42 there is significant potential to interface them
with existing biological information in an effort to understand
the cellular phenotypes that dictate successful LNP uptake (for
specific, targeted delivery) and those that result in low LNP
uptake (for reduction of nonspecific delivery).
DNA barcodes have also been incorporated into liposomes

in conjunction with small molecule therapeutics to evaluate
both delivery success and therapeutic efficacy in a pooled
fashion. Using this approach, the efficacy of small molecule
delivery can be evaluated by coupling therapeutic response
(e.g., viability) with DNA barcode count per cell. Specifically,
the delivery efficacy of liposomal formulations of three small
molecule anticancer agents, gemcitabine, cisplatin, and
doxorubicin, has been probed in a pooled fashion. In vitro
and in vivo profiling of the murine breast cancer cell line 4T1
revealed that the highest therapeutic efficacy was observed in
cells with greatest DNA barcode presence, indicating high
liposome uptake.43 While this study provides an elegant means
to correlate liposome delivery and therapeutic efficacy, it also
highlights drawbacks of nucleic-acid-based barcodes. One such
drawback is the need to incorporate nontherapeutic DNA
(barcodes) into each tested formulation, adding significant cost
and complexity to nanocarrier design. DNA barcodes are also
noncovalently incorporated into nanocarrier constructs. There-
fore, direct tracking of the nanocarrier is not possible, just the
nucleic acid cargo. This makes it challenging to decouple
therapeutic efficacy and only provides incomplete information

on the fate of the nanocarrier, including tissue accumulation,
degradation, and clearance, after dissociation from the barcode.
DNA barcodes have begun to demonstrate the power

pooled screening provides to accelerate nanocarrier develop-
ment. However, because the use of nucleic-acid-based barcodes
is limited to nanocarrier formulations compatible with nucleic
acid delivery, formulations engineered to deliver different
classes of therapeutics, including small molecules and peptide-
and protein-based drugs, have thus far been predominantly
excluded from such screens. To gain a holistic understanding
of structure−function relationships mediating successful drug
delivery, these approaches should be expanded to additional
drug delivery systems. We urge the field to consider alternative
barcoding strategies, especially approaches that allow for direct
nanocarrier tracking in vivo and are compatible with wide
ranges of drug delivery vehicles.

■ LAYER-BY-LAYER ASSEMBLY: A MODULAR
APPROACH TO BIOLOGY-FOCUSED
NANOCARRIER DESIGN

Layer-by-layer (LbL) assembly can be used to deposit layers of
functional polyelectrolytes on a charged surface. We have used
this highly versatile approach to create multifunctional,
colloidal drug delivery vehicles.44 Beyond therapeutic delivery
applications, the modular nature of LbL assembly lends itself
to fundamental studies on the effects of individual nanocarrier
parameters (Figure 3). For example, we have previously

employed LbL coatings to study the impact of core identity for
theranostic applications as well as to investigate the benefits of
tumor targeting surface coatings.45−47

We recently pioneered the use of LbL assembly to generate
NP libraries to screen new architectures with tumor targeting
properties (Figure 4). Using this powerful NP screening
approach, we identified novel surface chemistries with unique
subcellular trafficking features and exquisite affinity for ovarian
cancer cells over non-neoplastic cells.48 Specifically, we took
advantage of the modularity provided by LbL assembly to
generate a NP library comprising ten different LbL outer layers

Figure 3. Layer-by-layer assembly can be used to electrostatically coat
a wide range of nanoparticle cores with functional polyelectrolytes.
The approach enables complete coating of the carrier core and thus
decouples the outer layer functionality from physical or chemical
characteristics of the core.
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to investigate the role of NP surface chemistry on ovarian
cancer cell interactions. The LbL NPs were prepared on 100
nm carboxylate modified latex cores, containing both natural
and synthetic sulfated and carboxylated polyanions as the
outermost layer. We probed interactions of these LbL NPs
with panels of human ovarian cancer cell lines and non-
cancerous immune cells using flow cytometry. We found that
carboxylated LbL NPs had greater NP−cell association in the
tested ovarian cancer cell lines. Notably, while hyaluronic acid
(HA) is both carboxylated and provides a well-characterized
receptor−ligand interaction with CD44,49−51 HA coated NPs
lagged behind NPs coated with carboxylated polyions with no
prior established tumor targeting properties, including poly-L-
aspartic acid (PLD) and poly-L-glutamic acid (PLE). This
carboxylate-dependent trend was not observed in the screened
noncancerous cells. Subsequent study by fluorescence
microscopy showed marked differences in subcellular traffick-
ing in human ovarian cancer cells (OVCAR8), particularly
between PLD and PLE coated NPs. These results indicate the
potential for larger NP screens to identify further NP
parameters resulting in improved and controlled NP-cell
association and uptake.
We have found that the in vitro surface chemistry-dependent

trends also correlated with their in vivo performance;
carboxylated LbL nanoparticles successfully target ovarian
cancer cells both in vitro and in vivo. In a metastatic mouse
model of ovarian cancer, we observed that carboxylated LbL
NPs had significant and improved accumulation in neoplastic

tissue over time. Additionally, these formulations were able to
target not only the main tumors but also metastases, resulting
in greater than 80% NP accumulation in tumor tissue following
intraperitoneal (IP) administration. These findings underscore
the potential of expanding the capacity of NP screening
technologies, and using modular platforms that enable
systematic screening of individual NP parameters, to enable
the development of new nanocarriers targeted to specific cell
populations.
We have since applied the newly identified tumor targeting

properties of PLD and PLE-coated LbL NPs. We generated a
new class of targeted theranostic LbL nanoparticles consisting
of a liposomal core, poly-L-arginine (PLR) and siRNA inner
layers, and PLD as the tumor targeting surface coating.52 We
observed efficient tumor targeting not only in ovarian cancer
mouse models but also in murine models of colorectal and
pancreatic cancer. Taking further advantage of the unique
trafficking features afforded by our newly discovered LbL NP
surface chemistries, we recently employed PLE coatings to
create a potent and safe cytokine delivery platform.53

Expanding on the modularity of LbL, we have taken
advantage of this charge-based assembly to develop a new
electrostatic conjugation strategy that enables simultaneous
screening of nanocarrier surface chemistry and active tumor
targeting ligand effects on nanocarrier uptake and trafficking.
We functionalized anionic nanocarrier surfaces with cationic
tumor penetrating peptides while retaining the particle’s
negative charge characteristics and stability as well as peptide
bioactivity. Through this approach, we investigated the
interplay of carboxylated, sulfated, natural, and synthetic
polyelectrolyte outer layers with both cyclic and linear tumor
penetrating peptides.54

In addition to investigating the role of surface chemistry
through a library-based approach, we have also begun to
evaluate nanoparticle core parameters for drug delivery
applications in an analogous manner. Specifically, we have
generated LbL libraries wherein liposomal formulations were
generated with ranging cholesterol content to modulate
stiffness. These liposomes were then coated with the same
polyelectrolyte coatings, composed of PLR and HA.55 This
approach decouples the characteristics of the core composition
from the nanoparticle surface properties, enabling study of
core-specific effects. We observed that the liposomal cores with
lower mechanical stiffness accumulated in higher amounts and
penetrated more deeply into tumors using a murine model of
ovarian cancer.
Colloidal LbL assembly provides a unique breadth of

parameter space. One can explore and decouple features across
many nanocarrier platforms, including the effects of core
composition, surface chemistry, charge, size, and targeting
features. The modularity of this approach uniquely enables us
to interface LbL NP libraries with high throughput screening
approaches to begin understanding the components mediating
nanocarrier binding and uptake from a cellular perspective.

■ ADDRESSING ADDITIONAL DELIVERY BARRIERS
Effectively addressing biological heterogeneity as a transla-
tional barrier in the context of nanomedicine becomes even
more challenging due to the added complexities of nanocarrier
constructs, which are often incompatible with high throughput
screens. However, the field of nanomedicine stands to benefit
significantly from the advances being made toward under-
standing biological heterogeneity and how these potentially

Figure 4. Layer-by-layer assembly enables the generation of
nanocarrier libraries wherein one component is varied while all
others are kept constant. Illustrated here is an example of a common
nanoparticle core and polyelectrolyte layer being separately coated
with a range of polyanions to generate a nanocarrier library focused
on evaluating surface chemistry effects.
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influence nanocarrier recognition, binding, and uptake. We
envision that incorporating both existing and new biological
data sets to overcome current hurdles could be achieved via
two synergistic approaches: (1) comprehensive in vitro screens
to better understand key cellular characteristics leading to
therapeutic success of nanocarriers and (2) the development
and use of appropriate, relevant models to relate cellular and
tissue-specific nanocarrier selectivity with effective circulation
and trafficking properties.

■ IN VITRO SCREENS: LEARNING FROM DRUG
DISCOVERY TO ADDRESS BIOLOGICAL
HETEROGENEITY

In the field of small molecule drug discovery, there are
numerous barriers to the successful translation of new
therapeutic agents stemming from biological heterogeneity.
These include a lack of reproducible findings and failure to
recapitulate efficacy beyond simplistic models, often attributed
to limited preclinical screens that fail to capture the variability
and complexity of human patients. To address these
challenges, there are ongoing efforts to more effectively
model biological systems in early stage, in vitro screens,
including through the use of organoids and model organisms.56

To better capture patient heterogeneity, options to test
compounds for safety and efficacy using “clinical trials in a
dish”, composed of patient-specific induced pluripotent stem
cells, are also becoming more widespread.57,58 These provide
the ability to test drug candidates in a more comprehensive
manner prior to first-in-human trials. There are also major,
ongoing efforts to profile patient phenotypes and therapeutic
response using molecular biology tools. Particularly in the
context of cancer biology, extensive genetic and molecular
profiling have been carried out to understand tumor origin and
progression, as well as therapy response and resistance
mechanisms, both in patient samples and established cell
lines.23 The results of these efforts are available to the scientific
community through data sets such as the Cancer Cell Line
Encyclopedia (CCLE) and the Cancer Dependency Map
(DepMap).59−61 These, in turn, have enabled in-depth studies
into cancer cell metabolism62 and pediatric cancers63 and the
potential for repurposing existing drugs for oncology
applications.64 Computational tools are also being developed
to factor genomic and expression profiles of tumors and cancer
cells into choice of preclinical models. As these tools, such as
TumorComparer,65 are available as interactive resources via
the web and R packages, they are easy to incorporate into
existing experimental workflows and can help provide a new
level of information with respect to the role of cellular
phenotype on nanocarrier performance. Overall, integrating
preclinical screening tools and annotated data sets to study
nanomedicine, possible through the generation of nanocarrier
libraries, barcoding strategies, and modular design elements,
could provide new insight into nanocarrier performance in
heterogeneous biological settings.
It is additionally possible to augment the level of information

obtained from high throughput screens via these data sets. For
example, human cancer cell lines have been transfected with
DNA barcodes, enabling pooling and multiplexed viability
screening in hundreds of cell lines, spanning greater than 20
lineages, simultaneously. This method, referred to as Profiling
Relative Inhibition Simultaneously in Mixtures (PRISM), has
been used for both in vitro and in vivo applications. Resulting
viability data can be combined with correlative genomics

databases to elucidate the mechanism of action of unknown
compounds.66 PRISM has further enabled the development of
a pan-cancer metastasis map (MetMap), enabling large-scale,
in vivo study of tumor progression.67 Application of such
multiplexed pooled screening approaches to the study of
nanocarrier-cell interactions could provide key information to
genomic mediators of nanocarrier trafficking.
Realizing the potential of pooled, pan-cancer screens to

provide a new level of insight, as well as the necessary statistical
power, into understanding the mechanisms mediating drug
delivery, we designed and implemented a competition assay to
screen nanocarrier−cell interactions of a 35-member nano-
particle library across 488 pooled cancer cell lines from the
PRISM platform.68 Using fluorescence-activated cell sorting
(FACS), we generated interaction profiles across nanocarrier
formulations of varying size, core composition, and surface
chemistry. We found that core identity was the predominant
materials parameter driving cell interactions. By coupling our
findings with existing omics data sets and machine learning
algorithms, we identified expression of a highly interconnected
network of genes, or biomarkers, to play a significant role in
nanocarrier−cell interactions. These genes provide a roadmap,
and also indicate the complexity, of the biological components
driving nanocarrier recognition and uptake. These findings
suggest that gene expression profiles, or cellular phenotypes
more generally, need to be taken into consideration when
engineering nanocarriers for targeted delivery to a specific cell
population.
Pooled, high throughput screens have the potential to

dramatically advance nanomedicine. However, to fully harness
the potential of omics and big data, we must also develop the
toolsets to enable meaningful study of a wide range of
nanomaterials in these settings. Moreover, while efforts have
been made to comprehensively address patient heterogeneity
in vitro, we must also consider the biological barriers stemming
from circulation, transport, and immune system clearance.

■ ADDRESSING TRANSPORT BARRIERS: THE RIGHT
TOOLS FOR THE JOB

It has been established that there is a lack of appropriate
preclinical models to fully evaluate the therapeutic value of
nanomedicine; models should be able to effectively represent
human complexity and disease as well as provide predictive
response to tested treatments.69 As there is currently a
disconnect between in vitro and in vivo nanocarrier perform-
ance due to limited mechanistic insight into the origin of these
failures, there is also a need to develop and implement
physiologically representative models that enable translation of
promising candidates identified from in vitro screens. We
envision this can be accomplished through the use of models
with increasing complexity, including complex cell cocultures
(e.g., organoids, organ-on-a-chip) and mouse models.
Successful application of these models would enable the
decoupling and identification of both the physicochemical
nanocarrier properties and physiological features mediating
successful drug delivery.
There are significant limitations to traditional, two-dimen-

sional cell screens, which are often the starting place for
evaluating biological functionality of newly designed nano-
carriers in preclinical settings. To circumvent these drawbacks,
three-dimensional multicellular constructs, referred to as
organoids, are being developed to better mimic in vivo tissue.70

A recent editorial highlights the advances that have been made
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to develop such multicellular tools to further study develop-
ment, pathology, and physiology.71 In addition to serving as
tissue mimics, organoids can be used to recapitulate disease
physiology. For example, in the context of cancer medicine,
organoids are routinely generated from patient samples (tumor
spheroids) for the study of tumor progression and therapy
response.72 Methods have also been developed for organoid-
based high throughput drug screens, and through omics
profiling relationships between therapy response and cell
phenotype can be drawn.73 As the immune system plays a key
role in tumor development and response, there are also efforts
to develop complex tumor organoids capable of sustaining
tumor-associated immune cell populations in addition to
tumor cells.74

Organoids present a unique opportunity to study nano-
carrier trafficking in a three-dimensional in vitro setting. In the
simplest system, organoids composed of a single cell type
could be used to study nanocarrier penetration and uptake.
Moving into multicellular tissue mimics, nanocarrier trafficking
could be investigated through the use of flow cytometry- and
imaging-based tools, useful for studying trafficking of nano-
carriers to various cell populations in addition to evaluating
therapeutic response of various nanocarrier cargo needing to
be trafficked to multiple cell types or intracellular components.
As organoid technologies progress, they are positioned to
become a very meaningful and also accessible platform for
preclinical nanocarrier screening, particularly in the context of
the immune system.
While organoids and spheroids are able to recapitulate some

of the cellular heterogeneity and spatial organization observed
in tissue, their development has also been faced with low
throughput production, high variability, and size restrictions
stemming from poor nutrient supply. Microfluidics and other
microfabrication techniques have been implemented to address
these, particularly in the context of nutrient delivery and
spatially controlled structures, both of which are also critical
parameters for nanocarrier delivery.75 Microfabricated tissue
mimics, such as organs-on-a-chip, present another promising
avenue for evaluating both nanocarrier properties and cellular
characteristics needed for successful drug delivery in the
context of biological transport barriers, including blood vessel
endothelial barriers, mucus membranes, and extracellular
matrices.76,77 As the ultimate goal is to engineer systems
capable of accurately predicting patient response to tested
therapies in a controlled setting, efforts to develop three-
dimensional culture systems that more completely model the
complexity of the human body are ongoing. These include
platforms that sustain immune cell populations and enable
comparisons of healthy and diseased tissues.78−81 As we seek
to understand how cellular and tissue-specific characteristics
affect drug delivery success, application of these tools will
become key to shedding light on the interplay of nanocarrier-
cell interactions in the context of physiologic transport barriers.
Mouse models remain one of the most accessible preclinical

animal models to evaluate efficacy of newly engineered drug
delivery systems. However, their use is often criticized due to
their simplicity and the failure to recapitulate immune
responses of humans in mice. Moreover, modeling disease,
such as tumors generated from human cancer cells, requires
the use of immunocompromised models.82 As the immune
system is responsible for clearing the vast majority of
administered nanoparticles,83,84 models without intact immune
systems cannot adequately predict the success of nanocarriers.

On the other hand, immunodeficient mice can be used to
recreate the human immune system through implantation of
human stem and lymphoid cells. These models are particularly
effective in studying autoimmune diseases, infectious diseases,
as well as cancers,85,86 and have been used to evaluate
nanoparticle immunogenicity and efficacy.87−89 While human-
ized models are well positioned to provide a lot of valuable
information surrounding nanocarrier−immune cell interac-
tions, for both targeted delivery and immune evasion
applications, it is important to also note their limitations.
This includes the inability to fully recapitulate the complete
functional immune response observed in humans, which stems
from incompatibilities between the murine immune system
and human cells.90 Moreover, in the context of cancer research,
it is important to bear in mind that the human immune
systems of humanized mouse models are typically of a different
origin, or allogeneic, from implanted tumor cells, which can
affect communication between immune and tumor cells as well
as tumor progression.
Alternatively, genetically engineered mouse models

(GEMMs) provide a different and perhaps complementary
means to study nanocarrier performance in a fully
immunocompetent setting. GEMMs have induced mutations,
introduced through biological (e.g., transgenes, targeted
mutations) or chemical means, that lead to disease. The use
of GEMMs enables the study of relationships between
mutations and disease phenotype as well as human disease
modeling, including spontaneous tumor formation and
progression. Particularly in the context of cancer research,
large numbers of models that mimic the histopathological and
molecular characteristics of human disease have been
developed and tested.91,92 We believe that utilizing GEMMs
to evaluate nanocarrier performance in vivo would provide
valuable insight into nanocarrier targeting, circulation, and
immune evasion, particularly in the context of disease
progression. One should consider the use of these models to
study nanocarriers in both spatial and temporal contexts (i.e.,
how does nanocarrier performance vary in early versus late-
stage disease?). However, as the immune makeup of GEMMs
is murine, it is important to keep in mind that these models do
not recapitulate human immune cells. Therefore, it is
important to consider a range of models for comprehensive
nanocarrier evaluation.
We recognize that the development and testing of

specialized mouse models often falls outside the capabilities
of nanotechnology-focused research groups. Therefore, we
encourage researchers to seek out collaborations with bio-
logical and clinical researchers to leverage their expertise in
disease-focused, preclinical testing. Such interdisciplinary
approaches also open the door to new, mutually beneficial
collaborative relationships by providing biologists and
clinicians with the tools afforded by nanomedicine to tackle
previously unmet challenges.

■ OUTLOOK AND FUTURE DIRECTIONS
The development of nanocarriers for therapeutic delivery
applications has already led to significant clinical advancements
by protecting encapsulated cargo from degradation, extending
circulation time, and mitigating toxic side effects. However, for
targeted drug delivery, translational successes have been more
modest. This stems from an incomplete understanding of the
biological features mediating successful nanocarrier trafficking,
particularly challenging considering the patient and disease
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heterogeneity. In recent years, high throughput screening
approaches have started to be applied to advance nano-
medicine. This includes the use of DNA barcodes to pool and
rapidly assay lipid nanoparticles in vivo, electrostatic layer-by-
layer assembly to create modular nanoparticle libraries that
enable the decoupling and identification of individual
parameters modulating delivery success, and the combination
of nanoparticle libraries with pooled cell assays to identify
biomarkers predictive of nanoparticle uptake. Given the
success of these early efforts, there is significant potential to
develop further toolsets and methodologies that enable high
throughput interrogation of broad ranges of nanomaterials and
provide key insight into the biological features mediating
selective and successful drug targeting. We believe that
developing additional nanoparticle barcoding approaches that
go beyond the constraints of DNA will yield pooled screening
methodologies that significantly advance our understanding of
nanocarrier performance. The field should prioritize strategies
that enable direct tracking of nanocarrier fate in multiple
biological contexts and allow for multiplexing with multiple
classes of therapeutics.
As omics and machine learning tools are rapidly being

implemented to gain mechanistic insight into patient variability
and disease progression from a molecular biology perspective,
nanomedicine also stands to benefit from applying these tools
to understand drug delivery failures and successes. There is a
plethora of biological data readily available for the scientific
community to apply to the study of nanomedicine. Specifically,
we believe that these data sets should be applied to account for
discrepancies in nanocarrier delivery efficacy arising from
biological heterogeneity. For example, investigators should take
into account heterogeneity of gene and protein expression
levels within targeted cells and how those might relate to
successful nanocarrier accumulation. Moreover, these studies
should be carried out in an unbiased way and examine a range
of particle surface chemistries and materials systems while
moving beyond the traditional cell surface receptors often
leveraged in current targeted drug delivery platforms. In order
for the field to leverage this level of biological information, we
must first develop the methodology to interface nanocarrier
performance metrics with cellular, tissue, and organism-level
characteristics. We envision this can be accomplished through
the implementation of machine learning algorithms and
predictive models that accurately account for nanocarrier
performance within this biological context. Additionally, as
new tools, such as spatial omics, become more accessible to the
general research community, we should begin to leverage these
as a means to profile nanocarrier accumulation in target tissues,
relating nanocarrier penetration with transcriptional and
expression level changes on the tissue level as they relate to
targeted microenvironments.
Coupling new screening and big data approaches to advance

our understanding of the nano−bio interface will also require
the continued development and use of relevant preclinical
models, including multicellular organoids and mouse models
capable of mimicking human immune responses. Ultimately,
by combining these approaches in a comprehensive manner,
we will be able to holistically identify the key parameters
mediating successful cell targeting and uptake, from both
materials and biology perspectives (Figure 5). As many of
these tools and models exist at the interface of biology,
engineering, and medicine, we believe there are also boundless
possibilities for new cross-field collaborations to tackle the

challenges facing targeted drug delivery in an entirely new
manner.
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