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Tailoring Design of Nanomaterials
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Treatments
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Abstract: Nanomedicine encompasses usage of materials smaller than 100 nm for diagnosis, monitoring and
treatment of disease. A frequent application of these materials is in reformulation of active drugs, which were
previously approved for clinical use. As illustrated with chemotherapeutics, delivery of a drug within a nanocarrier
can represent a clear clinical benefit as it can increase its targeted uptake and reduce the off-target toxicities.
Matching nanomedicine treatments with patient-specific biomarkers provides an exciting prospect for moving
the field towards precision medicine. In parallel, a strong potential for personalized treatments comes from em-
ploying nanomaterials for the delivery of patient-tailored biologically active molecules. Recent research and clini-
cal data have highlighted mRNA and siRNA molecules, as well as short peptides, as powerful new drug classes
that can be designed according to patient profiles and effectively delivered within nanoparticles. Particles used
for therapeutic delivery are based on biodegradable and safe materials, frequently lipids and polymers, which
can be further functionalized into more complex forms. Currently, there is a strong interest in developing specific
nanocarrier formulations which can achieve optimal delivery of active molecules to targeted cells while reducing
unwanted side-effects. Here, we discuss recent developments and future perspectives in the nanomedicine field
and specifically highlight innovative approaches for the personalized patient treatments.
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1. Nanomaterials and Precision Medicine

The use of materials in medical treatments, such as in joint
replacements or trauma surgery, has had a pivotal role in improv-
ing the independency and overall life quality of patients with
different conditions. Down-sizing the material at the nanoscale
level implies the design and synthesis of components that are at
the same scale as cellular constituents, and interactions of these
materials with living cells create new possibilities for innovation.
In parallel, the concept of personalized- or precision medicine
has been moving from medical research to the clinical routine.
Approaches which optimize the right drug and right dose for the
patient administered at the right time, are slowly being appreci-
ated as a necessary replacement of ‘one-size-fits-all’ strategies.
For their practical implementation, it will be instrumental to take
into account the patient’s-omic fingerprints as well as the patient’s
health history. This will enable stratification of patients in ‘simi-
lar’ subgroups for which the treatments will have an increased
efficacy and reduced side effects. Sequencing technologies and
novel developments in bioinformatics, together with advances in
multiscale- and multilayer data integration, will create a novel
quality of medical care. Combining material research and devel-
opment with the possibilities of precision medicine will leverage
nanomaterials and systems to the next level. In this perspective,
we aim to explore the interplay between material developments
and personalized medicine and discuss how future nanomedicine
can help to address clinical needs and individualize patient treat-
ments.

2. Nanomedicines: From Drug Delivery to Vaccines
Nanomedicine encompasses usage of nanomaterials, i.e. par-
ticles typically smaller than 100 nm, for diagnosis, monitoring or
treatment of disease.[!l Most frequently, its applications are in bio-
imaging and drug delivery. As a drug class, nanomedicines, among
others, include polymer-based nanoparticles (NPs), inorganic
NPs, and diverse lipid-based carriers. In particular, lipid-based
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formulations represent a dominant class among the nanomedi-
cines approved for clinical use, a category that so far comprises
around 50 drug products in total.[2! The majority of the approved
drugs relate to reformulations of active pharmaceutical ingredi-
ents, which were previously approved as standalone therapeutics.
However, delivery of these drugs within a nanomedicine formu-
lation was able to improve their pharmacokinetics and safety, or
it enabled more convenient or less frequent drug administration.
When it comes to cancer nanomedicines, the dominant class of
approved drugs is again represented by liposomal formulations
of small-molecule chemotherapies, which reduce the drugs’ off-
target toxicities. To improve in vivo applications, surfaces of the
formulated liposomes, but also surfaces of polymeric NPs, are
often coated with polyethylene glycol (PEG), a hydrophilic poly-
mer which improves a particle’s stability and systemic circula-
tion time, while in parallel decreasing its immunogenicity and
aggregation, as well as decreasing its phagocytosis by the circu-
lating and tissue resident immune cells.¥] PEG can be attached
to the surface through cleavable linkers so that the NPs can stay
PEGylated in the circulation, but lose this protective polymer shell
upon the changes in pH or upon specific enzymatic activities.?!
For instance, in the case of cancer drugs the latter can be triggered
with a low pH associated with the acidic tumor microenvironment
or through the activity of metalloproteases that are often secreted
by tumors for the remodeling of extracellular matrix.[] Of note,
other polymers may also be applied for coating, but PEG is cur-
rently most commonly used due to being regarded as safe and
due to the previous clinical approval of a variety of PEGylated
NP drugs.!

In addition to lipid-based NPs, biodegradable polymers are
another choice of materials for nanocarriers and for an effective
delivery of small drugs, peptides and nucleic acids. The polymers
can be synthetic, such as poly lactic-co-glycolic acid (PLGA),
poly pL-lactic acid (PLA), poly glycolic acid (PGA) or poly
-amino esters (PBAE)s, or they can originate from natural ma-
terials, like chitosan or gelatin.[®) What matters is that neither the
biodegradable polymers nor their degradation products cause tox-
icity, but instead, the polymers can be naturally degraded and their
products safely processed in the body. The advantages of these
polymers are that (i) they are stable in the circulation system; (ii)
they are not strongly immunogenic and (iii) they are often able
to avoid phagocytic clearance. For instance, PLGA has been ap-
proved by the Food and Drug Administration already 30 years ago
for medical applications. PLGA is a copolymer of hydrophobic
polylactic acid (PLA) and hydrophilic polyglycolic acid (PGA).
[7] The ratio of PLA to PLGA regulates the degradation rate of
PLGA, a property which can be used to control the release of
incorporated drugs.[68] In addition, its surface can be easily modi-
fied to incorporate a targeting ligand. This, together with a low im-
munogenicity and biodegradability, make PLGA an attractive ma-
terial for different drug delivery applications. However, there are
only a relatively few approved delivery therapeutics based on
PLGA. This is explained with the fact that acidic PLGA mono-
mers are not suitable carriers for many drugs and bioactive mol-
ecules, as well as with non-trivial challenges in controlling the
drug release.[®]

Mechanisms for the cellular uptake of NPs depend both on a
particle’s physicochemical properties as well as cell characteris-
tics. The uptake can be broadly categorized as (i) endocytosis-
based, which is a more frequent route and includes clathrin and
caveolin-mediated endocytosis, as well as phagocytosis, and
(i1) direct cellular entry, which includes a direct translocation of
smaller particles across the cell’s membrane as well as lipid fusion
followed by a cargo unload.l®! Importantly, through the modifi-
cation of an NP’s surface and addition of targeting ligands, the
uptake by the specific, targeted cells can be strongly increased.
The ligands can be specific molecules that bind to receptors or

other proteins expressed on the cells of interest, such as mono-
clonal antibodies and antibody fragments, peptides or antibody
mimics, but also other molecules, such as mannose sugars, which
are frequently added to the particles that should be recognized by
mannose receptors on macrophages or dendritic cells.[19 Building
on the concepts successfully introduced in the field of antibody-
drug conjugates, nanotechnology studies have shown that it is also
possible to modify the surface of NPs and conjugate antibodies
specific for antigens expressed on tumor cells. In this way, after
the particle has been recognized, its cargo, which can be cyto-
toxic, is delivered more specifically to targeted tumor cells. A per-
tinent example is a delivery of cytotoxic microtubule inhibitors
conjugated to the Her2 antibody. This antibody-drug conjugate is
specifically designed for a delivery to breast cancer cells which
highly express the Her2 receptor, but which have become resistant
to the antibody treatment alone.5! This example also illustrates the
next important road in the development of nanomedicines: tailor-
ing the treatments to specific patient profiles (Fig. 1). In addition
to the above-mentioned design of particles that target antigens
specifically present on the disease cells of individual patients,
another major promise for personalized nanomedicine comes
from a better definition of biomarkers relevant for predicting a
patient’s response to treatments and hence more rational applica-
tions of nanomedicines to the stratified patient populations.[2.11]
Furthermore, building on the recent success of vaccine nanomedi-
cines that showed huge advantages during Covid pandemics,b! a
prospect for personalized cancer vaccines is receiving increased
attention (Fig. 2).

Cancer vaccines aim to immunize the patient by using informa-
tion on their individual tumor mutations. The rationale of this ap-
proach is that by training the immune system with peptides, which
are specifically exposed on tumor cells, it is possible to elicit a
stronger immune response to the tumor. Preclinical data and first
clinical trials of personalized cancer vaccines have indicated safe-
ty and feasibility of this approach and confirmed its immunothera-
peutic activity.['2] Since the effective and immunogenic vaccines,
both cancer and traditional ones, often encompass heterogeneous
cargo with different physiochemical properties and biodistribu-
tions, co-encapsulation of individual components in polymer par-
ticles or lipid carriers represents a practical administration route
and it highlights an important application for biomaterials.l'? In
addition to vaccines, there is a high potential of using biomateri-
als as carriers for different siRNA and mRNA drugs, which are
starting to emerge as effective and promising disease treatments.
Furthermore, several recent studies have highlighted the value of
nanomedicine approaches for cancer immunotherapy treatments,
either by engaging the immune system directly through antigen
presentation!!%! or by modifying tumor microenvironment com-
position.[1%.111 Of note, approved nanomedicines also include par-
ticles whose treatment activity does not come from the cargo, but
from the material properties themselves, such as hafnium oxide
NPs that enhance the response to radiotherapy.[!3!

3. Innovations in Active Molecules for Nanomedicine
Strategies

Traditionally, active pharmaceutical ingredients that could be
reformulated and delivered within NPs encompassed small drugs,
peptides and proteins. Since few years, the long-discussed use of
small interfering RNAs (siRNAs) for gene silencing and mRNAs
for gene delivery has started demonstrating first successful clini-
cal applications and has raised a broad interest within the bio-
medical community. Even though siRNAs have been considered
as a highly attractive and easily adaptable tool for gene silenc-
ing since their discovery, the fact that these molecules are not
stable, together with their immunogenicity and an ability to elicit
a variety of off target effects, has represented a major application
drawback. Moreover, for the majority of conditions, their effec-



238

CHIMIA 2022, 76, No. 3

EmPA — MATERIAL SCIENCE AND TECHNOLOGY FOR A SUSTAINABLE FUTURE

analytical &
structural
imaging

human samples,
invitro / ex viva

/

\! /

comprehensive and
unbiased system
characterization —
from atoms to the

X macroscale
bioanalytics omics- “\,_
& biomonitoring technologies f{

Fig. 1. Tailoring nanomaterial
design for individual patient’s
treatment needs the orchestration
of seven pillars indicated here

as hexagons, whereas ‘-omics’
technologies, multilayer data inte-
gration and machine learning are
new boosters.

precision
healthcare solutions

model

material
synthesis &
functionalization

modelling &

atcggttaccatcattggctatataggeattattaggeaggeattccag
7001710071911717000701110111011101117100071110
00101111007111000111101010710700001111011110
0100010001011000111110111011101111000010010
10001011111001011100111110711111101 111101111

simulation

multilayer data integration
machine learning

tailored &

functional
material
design

precision
synthesis

clinical &
industrial
partners

tive delivery to targeted cells represents an important challenge.
Not surprisingly, the major potential for the siRNA application
comes from using NPs as their delivery systems. The first siRNA
therapeutic Patisiran (Onpattro) is based on an NP and it was ap-
proved in 2018 for the treatment of the hereditary transthyretin
amyloidosis.[!4] Patisiran uses a lipid-base formulation to pack an
siRNA that downregulates the mRNA encoding the transthyretin
protein, which is abundant in liver. The drug’s success in patient
treatments has partly also reflected the fact that the used lipid
NPs preferentially accumulate in liver.'4l Importantly, Patisiran’s
approval has encouraged other efforts that are aiming to use siR-
NA not only for the treatment of different liver diseases!'> and
liver cancer, but also for the treatment of cancer in generalll¢l as
well as other conditions, spanning from inflammatory conditions
to diseases of the central nervous system.!!”! For the latter, the
treatments have largely been designed around a local delivery of
NPs,[171 mostly through spinal cord injections.[!7! Furthermore,
conditions that allow for drug topical applications, such as skin,
eye and pulmonary diseases!!”! are also of a strong interest for NP-
based drug delivery. The currently ongoing studies are in parallel
interrogating the optimal siRNA targets as well as most effec-
tive delivery mechanisms. This is nicely illustrated with a recent
work on siRNA nanocarriers designed for triple negative breast
cancer.!'®l The interdisciplinary approach applied there first used
computational analyses and identified POLR2A as an essential
gene that, due to its co-deletion with PT53, was estimated to be
hemizygous in nearly half of the patients. To deliver the siRNA
targeting POLR2A, the authors designed an NP in which the shell
was composed of the PLGA polymer and dipalmitoylphosphati-
dylcholine phospholipid, whereas the core, together with siRNA,
contained a modified chitosan that bound CO,. The particle was
pH-sensitive: the lower pH, typical for endosomes and lysosomes,
was able to activate the release of CO2 from chitosan, which then
caused NP ruptures, triggered endosomal escape, and increased
siRNA release in the cytoplasm. In this way, the siRNA bioavail-
ability could be improved and endo/lysosomal degradation avoid-
ed, which resulted in significantly slower tumor growth in mice
treated with the NP.[16]

A further specificity in the delivery of nucleotide cargo can
be achieved by active targeting through surface modifications
with specific ligands or through modulation of NP composition.
Prominent examples for the former include antibodies, peptides,

and molecules that target tumor or cell-type specific receptors,
such as folic acid that targets folate receptors overexpressed on
different tumor types. The effect of the NP composition on the de-
livery is illustrated with biodistributions of different lipid NPs. For
instance, NPs with ionizable lipids typically form a protein corona
in the bloodstream. One of the proteins in the corona, ApoE, is
known to bind to receptors overexpressed on hepatocytes, which
further increases liver uptake of these NPs.[!7] Therefore, when the
NPs should be delivered to the liver, formation of protein corona
can be beneficial, and only a small amount of PEG modification
can be applied. However, for the targeting to other organs and cell
types, increased PEG fraction and active targeting are more likely
to increase the NP uptake. Of note, even though initial develop-
ment of lipid NPs focused on cationic lipids, which can encapsu-
late negatively charged RNAs, ionizable lipids that are positively
charged only at acidic pH showed a higher transfection efficacy,
reduced toxicity and a high competency for endosomal escape.!8]

Recent fast developments of mRNAs vaccines against SARS-
CoV-2 were partially possible due to the decades of nanotechnol-
ogy research in the field of NP delivery systems. In general, many
of the nanocarriers which were initially developed for siRNA can
also be utilized for an mRNA delivery. However, these applica-
tions often ask for optimizations in the particle compositions. In
some instances, changes in formulations that increase mRNA
expression do not necessarily effect efficiency of siRNA silenc-
ing.[17] Even though lipid NPs dominate also as mRNA delivery
systems, cationic polymers have also been widely used for it.
The latter include poly(L-lysine), DEAE-dextran, PBAE and chi-
tosan. Complexes formed between these polymers and nucleic
acids can be based on electrostatic interactions and produced
through self-assembly. In addition to the simple formulations,
co-formulations of different polymers as well as lipid-polymer
hybrid NPs, which integrate the complementary properties of
lipid and polymeric nanomaterials, are often used.['! For in-
stance, lipid conjugated PBAEs and poly(glycoamidoamine)
were applied for a simultaneous delivery of mRNA and siRNA
molecules.[20]

In addition to modifications in nanocarrier compositions, in-
troduction of mRNA therapeutics also asks for specific mRNA
modulations that are needed for its effective translation with the
cell’s machinery. The aim of these changes is to ensure optimiza-
tion of the mRNA’s translational efficiency and to improve the
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molecule’s intracellular stability, as well as to reduce its immu-
nogenicity. This is mainly achieved through modifications of the
mRNA’s structural elements: 5' cap, 5'- and 3'-UTRs and poly(A)
tail, as well as an optimized codon usage.[?!l Delivery of mRNA
therapeutics is facing similar limitations as siRNA delivery, as
after an intravenous injection, most accessible target cells are
those in the liver, in the blood or in the reticuloendothelial sys-
tem of the spleen, bone marrow and lymph nodes.[2!] However,
there is ongoing research into the mechanisms for overcoming
this and achieving more targeted delivery of mRNAs to specific
organs and cell types. Overall, the overarching goal of the on-
going studies has been to capitalize on the potential of mRNAs
to be used for the protein replacement and supplement therapies
which, among others, can be applied for oncology, cardiology,
endocrinology, as well as for pulmonary diseases.!'7:211 Different
studies have used nanomaterials for the delivery of therapeutic
mRNAs: for instance, hyperbranched PBAEs were successfully
used in preclinical models for mRNA delivery to the lungs by
inhalation(20] and PBAE/PEG-lipid NPs were capable of assist-
ing mRNA delivery to the lungs after intravenous administration
in mice.22] Nevertheless, till now, the major clinical progress in
the application of mRNA-based therapies has been in their use
as vaccines for infectious diseases and cancer immunotherapies.
With regard to cancer immunotherapies, mRNAs synthesized
from patient-specific mutation profiles and applied as vaccines
in clinical trials were able to strongly enhance T cell immune
response to tumors.[23] Results of these clinical trials have shown
that personalized cancer vaccines were able to achieve a sustained
progression-free survival, thus suggesting they could represent a
path to patient-tailored immunotherapies.

In addition to lipid NPs and polymers, other materials, includ-
ing mesoporous silica, carbon nanotubes and graphene oxide are
being explored as potential nanocarriers./?*! Furthermore, due to
the high biocompatibility, a special attention has been given to
exosomes. 251 Exosomes are vesicles released from cells, which
naturally have a role as nucleic acids and protein carriers, and
are therefore expected to represent safe and efficient delivery
vehicles.[26] However, their uniformed synthesis still represents
a formidable challenge. In general, delivery of nucleic acids,
both siRNA and mRNA, via NPs represents an unprecedented
opportunity for precise and personalized medicine applications
(Fig. 2); one can deliver nucleic acids targeting different genes
at the same time, it is possible to target patient-specific defects,
such as missing proteins (with mRNA) or target gene copies
with disease mutations, alternative splicing isoforms or fusion
transcripts (with siRNA), as well as so far undruggable genes
and pathways (using both mRNA and siRNA drugs). Finally, in
the future, delivery of gene editing therapeutics(?7! is likely to
also benefit from the expected advancements in nanotechnol-
ogy (Fig. 2).

4. Nanomedicine for Cancer Immunotherapy
Nanomedicine has a high translational potential for dif-
ferent disease modalities. One of the currently particularly ac-
tive research areas is nanomedicine for cancer immunotherapy.
Important possible applications of this work are in reducing toxic
side effects of the existing therapies and in designing innovative
therapies applicable to more patients.[?8]1 Apart from the excit-
ing prospects brought about with the development of the above-
mentioned mRNA cancer vaccines, a variety of other strategies
have been implemented to provoke and sustain organism’s im-
mune response to cancer. For instance, PLGA NPs functional-
ized with immune potentiators have been recently used for the
delivery of the Melan A/MART-1 peptide to dendritic cells in
the mouse models of melanoma.['%] The used peptide is often
expressed by melanoma cells, and the functionalized PLGA par-
ticles were delivered to the cells either through a phagocytic up-
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Fig. 2. Opportunities for personalized precision medicine treatments with
the usage of nanomedicine.

take, or through ligand binding. In the latter case the NPs were
additionally functionalized with the mannose sugar that targeted
a mannose receptor, which is highly expressed in dendritic cells
and macrophages. Ligand-based uptake was shown to be more
effective than phagocytosis, and the NP internalization led to an
increased infiltration of CD8+ T cells into tumors. Importantly, in
combination with the immunotherapy checkpoint inhibition and
modulation of the tumor microenvironment composition (through
ibrutinib administration) the described treatment led to tumor re-
mission and prolonged survival in mouse models. Other studies
have focused more specifically on the reprogramming of immu-
nosuppressive cells in tumor microenvironment. For instance,
some of the studies utilized the fact that macrophages in tumor
microenvironment (TME) have plastic phenotypes and can po-
larize either towards tumor-supportive immunosuppressive or to-
wards tumor-fighting inflammatory states.? Among others, two
recent in vivo preclinical studies succeeded in shifting the balance
towards inflammatory macrophages in TME by using innovative
nanomaterial solutions. The first approach relied on the delivery
of a small drug, which is known to act as an agonist of an in-
flammatory macrophage receptor TLR7/8 and which was packed
within a sugar-based [3-cyclodextrin NP.I3] The second relied
on the delivery of an mRNA for a transcription factor that pro-
motes expression of genes involved in inflammatory pathways.
The mRNA was packed within a cationic PBAE polymer.[10al
The latter NP was additionally also functionalized with man-
nose to increase its uptake by immunosuppressive macrophages.
Importantly, treatment with either of the two particles resulted in
the significant decrease of tumor growth in mouse cancer models
and was suggested as a possible route for combinatorial treat-
ments in cancer immunotherapy. In addition to these two studies,
a number of other strategies for macrophage reprogramming has
been proposed. For instance, macrophage reprogramming was al-
so achieved through the delivery of a cytokine Interleukin 12 (IL-
12) packed in a pH-sensitive PBAE NP that released the cytokine
in the acidic tumor microenvironment.l3!l The cytokine IL.-12 was
selected for reprogramming as it is usually produced in response
to antigenic stimulation.

In addition to the efforts focused at macrophage reprogram-
ming, or dendritic cells simulation, nanomedicine approaches
have also been applied for the regulation of T cell functions.[3?]
For instance, a recent study was able to increase the efficacy of
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the adoptive T cells transfer by linking immunomodulators, which
support the T cell expansion, to the cell surface in the form of a
protein nanogel.[33 The nanogel was composed of immunomodu-
lator proteins (IL-15), which can stimulate T cell proliferation,
linked through the disulphide cross linkers. The authors used the
observation that redox potential on T cell changes after the cells
have been activated, leading to a higher cell surface reduction,
which is able to promote disulphide cleavage and release of im-
munomodulators from the attached nanogels. Consequently, IL-
15 stimulation was able to lead to a significantly increased expan-
sion of the tumor-specific T cells. Importantly, toxic side effects of
this treatment were significantly lower than the ones that would be
faced with a systemic administration of IL-15 immunomodulators
alone. In addition to the mentioned individual examples, a num-
ber of other biomaterial-based strategies has been developed for
the delivery of immunostimulatory or immunosuppressive mol-
ecules to tumors.[3!al Furthermore, NP-based enhancers are also
used for cancer immunotherapy treatments. They are standardly
administered in combinatorial therapies together with immune
checkpoint inhibitors and chemotherapy, photothermal therapy or
radiotherapy. NP enhancers have a role in potentiating immuno-
genic responses triggered by cancer cell death3¥ and in promoting
the release of tumor antigens, which further triggers systemic anti-
tumor responses. Importantly, immune responses trained this way
can even eliminate metastases and prevent tumor recurrence.34
Currently, multiple clinical studies are under way for diverse ap-
plications of NPs for the cancer immunotherapy, including com-
bined cancer immunotherapy treatments.[102.12.351 These efforts are
likely to open new horizons in cancer nanomedicine, which will
additionally directly have a high translational value for other dis-
ease modalities.

5. Conclusion

Nanomaterials hold a great promise as new therapeutic re-
agents and as delivery systems for active molecules. However,
even for formulations with excellent preclinical results, one needs
to bear in mind challenges associated with their robust and reli-
able production, and high criteria requirements for satisfying good
manufacturing practices standards. Moreover, particularly nano-
medicine treatments that rely on nucleic-acid based therapies bear
a high risk of causing hematological and immunological toxici-
ties.[36] For instance, Patisiran infusion needs to be accompanied
with intravenous administration of corticosteroids and antihis-
tamines for suppressing immune reactions (dexamethasone and
H1 and H2 antagonists, respectively). Immunotoxicities strongly
hamper clinical translation of nucleic acid-based therapeutics, but
the potential of these approaches for treating an array of different
diseases is enormous. We believe that in the next years, usage of
nanomaterials and systems will gradually lead to individualized
patient treatment and we will see an accelerated development and
clinical employment of nanotherapeutics. In parallel, with the in-
creasing availability of datasets that are giving insights into NPs
physicochemical properties and their uptake, biodistribution and
phenotypic outcome, both in vitro and in vivo, large scale data
analyses and machine learning are likely to become instrumental
in optimizing the particle design. Jointly, these developments are
expected to expand the areas of nanomedicine applications and
pave the route for more effective, precise and personalized disease
treatments.
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