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Abstract

Advanced treatments based on immune system manipulation, gene transcription and regulation,
specific organ and cell targeting, and/or photon energy conversion have emerged as promising
therapeutic strategies against a range of challenging diseases. Naturally derived macromolecules
(e.g., proteins, lipids, polysaccharides, and polyphenols) have increasingly found use as
fundamental building blocks for nanostructured particles as their advantageous properties,
including biocompatibility, biodegradability, inherent bioactivity, and diverse chemical properties
make them suitable for advanced therapeutic applications. This review provides a timely and
comprehensive summary of the use of a broad range of natural building blocks in the rapidly
developing field of advanced therapeutics with insights specific to nanostructured particles. We
focus on an up-to-date overview of the assembly of nanostructured particles using natural
building blocks and summarize their key scientific and preclinical milestones for advanced
therapies, including adoptive cell therapy, immunotherapy, gene therapy, active targeted drug
delivery, photoacoustic therapy and imaging, photothermal therapy, and combinational therapy. A
cross-comparison of the advantages and disadvantages of different natural building blocks are
highlighted to elucidate the key design principles for such bio-derived nanoparticles toward
improving their performance and adoption. Current challenges and future research directions are
also discussed, which will accelerate our understanding of designing, engineering, and applying
nanostructured particles for advanced therapies.

1. Introduction

Recently developed therapeutic strategies have resulted in new paradigms for the management
and treatment of diseases. For example, breakthroughs including adoptive cell therapy (e.g.,
engineered circulatory and immune cells),? immunotherapy (e.g., direct immune modulators,
monoclonal antibodies, checkpoint inhibitors, oncolytic viruses, and vaccines),™* gene therapy
(e.g., gene silencing, RNA interference, antisense therapy, gene and genome editing),>® and
active targeted drug delivery (e.g., antibody—drug conjugates)’ have sparked fundamental and
applied questions surrounding the design of advanced therapies. Despite significant academic
progress, only a limited number of advanced therapeutic strategies have resulted in successful
clinical translation. Key reasons for this lack of clinical success include recognition and
sequestration by the immune system, off-target cytotoxicity, limited durability, heterogeneity, and
in the context of cancer, poor tumor penetration and low immunogenicity. To solve these
challenges, scientists with interdisciplinary expertise must work collaboratively to extend the
boundaries of biomedicine.

Nanostructured particles are colloidal particles with diameters ranging roughly from ten to a few
hundred nanometers that have solid, hollow, or core—shell structures. Owing to their small size
and readily tunable morphology and surface properties, nanostructured particles have been
widely applied in various biomedical applications, including sensing and diagnosis, and medical
imaging, and the delivery of drugs, genes, and vaccines.®® Compared with conventional drug
formulations, nanoparticle-based drug delivery systems offer distinct advantages such as: (1)



increased drug solubility and stability; (2) drug release in a controlled or localized manner, and,
(3) overcoming of biological barriers.!” These advantages have driven researchers to develop
numerous particle platforms for therapeutic applications.!'!* For example, inorganic
nanoparticles have been widely used in the clinic as biomedical imaging agents and as a source
of iron for those with iron deficiencies and have been explored in laboratories for use as drug
delivery vehicles.!"* However, their clinical use for advanced therapeutics remains limited
because of their potential toxicity, rapid blood clearance, non-degradability, and lack of
biological motifs.!*> Alternatively, organic nanoparticles consisting of biomolecules or synthetic
polymers offer opportunities for fine tuning the biological and chemical nature of the particles. '
However, the preparation of synthetic polymers can require organic solvents and multiple
chemical components, and often involve costly and/or precisely controlled fabrication conditions

that can hamper scale-up and clinical translation.

Although numerous synthetic polymeric nanoparticles have been proposed and developed for
biomedical applications in the literature,'>!”-!® there is an emerging interest in using bio-derived
or bio-inspired compounds such as proteins, polysaccharides, lipid, polyphenols, and cell
membrane components (e.g., exosomes) as building blocks for particle assembly. Nature’s
blueprint for these molecules provides fundamental advantages over their synthetic counterparts,
including inherent high biocompatibility, natural bioactivity, high abundance, generally low cost,
ease of modification, and biodegradability,'>?> thereby providing opportunities to engineer
materials for advanced therapeutic applications. Moreover, some natural building blocks possess
intrinsic chemical or biological properties that favor particle assembly and/or specific biomedical
applications. For instance, the metal coordination properties of natural polyphenols, such as
tannic acid (TA) and epigallocatechin gallate (EGCG), have been extensively applied in the
assembly of pH-responsive drug-loaded nanoparticles’® with controlled drug release in
intracellular compartments. Alternatively, functional polysaccharides and proteins, such as
hyaluronic acid (HA) and Herceptin (Trastuzumab), have been shown to preserve their targeting
and therapeutic effectiveness upon assembly into nanoparticles.’*?> Most notably, recent
breakthroughs in the development of messenger RNA (mRNA) vaccines for severe acute
respiratory syndrome coronavirus-2 (SARS-CoV-2) employ lipid nanoparticle (LNP)
formulations,?® of which the ionizable lipids were originally developed for chemotherapy.?’ In
addition, lipid-based cancer cell membranes containing tumor antigens have been successfully
used to modify nanoparticle surfaces to mimic antigen-presenting cells for cancer
immunotherapy,?® whereas red blood cell (RBC) membranes containing a self-marker (CD47)
have been applied as a stealth building block for particle assembly to inhibit phagocytosis by
immune cells and achieve long-term in vivo circulation.?’ The drive to use naturally occurring
materials, which often can also be considered “green” or “sustainable”, offers great potential for
expanding the toolbox of building blocks for functional nanoparticles.

In this review, we focus on the assembly of nanoparticles using natural building blocks and
highlight the importance of nanostructured particles, such as self-assembled nanoparticles,



core—shell nanoparticles, and hollow capsules, for overcoming key challenges associated with
various advanced therapeutics (Fig. 1). Natural building blocks are defined as materials produced
by cells and organisms. The major classes of natural building blocks useful for particle assembly,
including proteins, lipids, polysaccharides, small-molecule catecholamines, natural polyphenols,
cell membranes, and exosomes, are introduced and discussed in relation to their natural
properties, comparable performance, and inclusion into nanoparticle design principles. The
properties and applications of different classes of natural building blocks are summarized and
compared with a focus on their major applications in emerging advanced therapies. Specifically,
the promise of natural building blocks is highlighted in terms of applicable therapies including (1)
adoptive cell therapy, (2) immunotherapy, (3) gene therapy, (4) active targeted drug delivery, (5)
photoacoustic therapy and imaging, (6) photothermal therapy (PTT), and (7) combinational
therapy (e.g., chemo-immunotherapy, photo-chemotherapy, and photo-immunotherapy).
Furthermore, we look to nature to compare the advantages and disadvantages of different natural
building blocks and highlight the relationships between the properties of the natural building
blocks and the engineered nanoparticles in regard to how these can guide application for
advanced therapies. Finally, we provide a perspective on the current challenges and trends in the
assembly of natural building blocks into particles and offer viable near-term strategies and design
principles that can further improve their utility in biomedicine.

2. Engineered nanostructured particles from natural building blocks

2.1 Proteins

Proteins are a large class of natural macromolecules consisting of one or more chains of amino
acid residues. Within organisms, proteins exhibit a variety of functions, including catalyzing
metabolic reactions, replicating DNA, responding to stimuli, forming cell structures, and
mediating molecule transportation. Owing to their amphiphilicity to both drugs and solvents,
proteins have been regarded as suitable materials for the preparation of drug delivery systems.
Protein-based nanomedicine platforms for drug delivery have been proven to be biodegradable,
metabolizable, and amenable to surface modification for the attachment of drugs and targeting
ligands. In this section, we introduce the most widely used protein-based nanoparticles in
advanced therapies based on three different types of proteins, including albumin, ferritin, and
gelatin, and summarize their biochemical features for nanoparticle assembly. Their application in
vaccine delivery, active targeted drug delivery, and cancer theranostics is also discussed.

2.1.1 Albumin. Albumin, which is synthesized by liver hepatocytes, is the most abundant plasma
protein in human blood.>*3! Traditionally, albumin serves as a transporter protein with cellular
receptor engagement, multiple ligand binding sites and a long circulatory half-life owing to its
interaction with the recycling of the neonatal Fc-receptor.’? Albumin has a high binding affinity
not only for endogenous solutes in plasma, including metal ions, fatty acids, amino acids and
metabolites®*=® but also for many exogenous drugs such as paclitaxel, platinum-based drugs,
chlorin e6 (Ce6), and celastrol’”* Albumin can sequester inorganic ions through

biomineralization in alkaline conditions (Fig. 2a), which can trigger the formation of metal ions



into ion complexes and subsequent nanoclusters coated with albumin.*! This ability to
biomineralize has attracted considerable interest for the use of albumin-biomineralized
nanoparticles for PTTs, as they generally require metals to convert light into heat.**-*3

The self-assembly of albumin and antitumor drugs increases the in vivo stability of the drugs*->!
and promotes drug targeting to the tumor site, as tumor cells actively metabolize albumin to
compensate for their increased need for amino acids and energy.>*° For example, the
paclitaxel-loaded albumin nanoparticle Abraxane® has been approved by the US Food and Drug
Administration (FDA) for the treatment of breast cancer,’’ owing to the fact that the
nanoformulation of albumin-bound paclitaxel can overcome some of the toxicities associated
with the Cremophor-based formulation of paclitaxel’® and, through the presence of albumin,
displays high affinity for osteonectin, a metastasis-related extracellular matrix glycoprotein
overexpressed in various aggressive cancers (Fig. 2b).>*%? The basic structure of Abraxane®
comprises 6—7 paclitaxel molecules noncovalently bound to a single albumin, which leads to
paclitaxel-albumin primary aggregates of 4-14 nm in diameter, which subsequently aggregate to
form albumin—paclitaxel particles of approximately 130 nm in diameter.®*** This albumin-bound
therapeutic can target an albumin transporter expressed on vascular endothelial cells, activating
transport across the tumor vessel wall and allowing paclitaxel to accumulate in tumors.*® For
example, paclitaxel was used to induce the self-assembly of albumin modified with either cyclic
Arg—Gly—Asp peptide or photosensitizer Ce6. These modifications endowed the assemblies with
molecular targeting to specifically recognize avp3-integrin overexpressed tumor cells and also
enabled combined photodynamic and chemotherapy.®

As osteonectin is overexpressed in atherosclerotic lesions,®” self-assembled human serum
albumin nanocages can be fabricated for rheumatoid arthritis therapy (Fig. 2¢).%® It has also been
demonstrated that nanoparticles made from denatured bovine serum albumin can specifically
target activated neutrophils adherent to the blood vessel wall, which leads to nanoparticle-loaded
neutrophils crossing the blood vessel wall as the neutrophils can transmigrate in response to
inflammation induced by pathogen invasion.®” These findings also demonstrate the use of an
albumin-based nanoparticle platform for in situ hijacking of activated neutrophils to deliver
therapeutics across the blood vessel barriers to disease sites (Fig. 2d). Moreover, functionalizing
nanoparticles of ovalbumin (OVA) with a densely packed “brush” conformation of poly(ethylene
glycol) (PEG) can considerably reduce the nonspecific uptake of the OVA nanoparticles by
dendritic cells, leading to successful in vivo translation of prolonged blood circulation for
therapeutic nanoparticles.”

2.1.2 Ferritin. Ferritin is a ubiquitous iron storage protein produced by almost all living
organisms, including animals, higher plants, fungi, and bacteria, and regulates iron homeostasis
by sequestering excess iron in its core.”! Ferritin is composed of heavy (H-chain) and light
(L-chain) chain subunits that self-assemble into spherical, cage-like nanoparticles with an outer
diameter of 12 nm and a cavity diameter of 8 nm.”>’* These ferritin nanocages can maintain the



intact structure of ferritin under harsh conditions such as high pH and high temperatures.””’

These features, as well as its amenability to chemical and recombinant modification, good
biodegradability, high water solubility, particle uniformity, and remarkable capacity for drug
loading,’®”® make ferritin nanoparticles a versatile carrier platform for diverse therapies.®*8! For
example, hybrid influenza nanoparticles can be formed by genetically fusing haemagglutinin to
ferritins, which leads to the spontaneous formation of eight trimeric viral spikes on the
self-assembled nanoparticle surface that confer broad protective immunity against diverse
influenza viruses (Fig. 3a).%? This structure-based, self-assembling synthetic nanoparticle vaccine
platform improves the potency and breadth of influenza virus immunity, providing a foundation
for building broader vaccine protection against emerging influenza viruses and other pathogens.

In the human body, ferritin can catalyze the oxidation of iron from ferrous to ferric forms and can
house up to 4500 iron atoms in the form of ferrihydrite.*> These properties have enabled the
synthesis of a series of arginine—glycine—aspartic acid (RGD)-modified ferritin nanocages with a
high metal-loading efficiency for targeted cancer therapies. Specifically, these nanocages have
shown that RGD—ferritin drug delivery is a safe and efficient technology and holds great
potential in clinical translation.®*® In addition, small CuS nanoparticles (~8 nm) can be
encapsulated inside the cavity of ferritin nanocages.®” These CuS—ferritin nanocages were
applied in PTT and, when compared to free copper, were shown to achieve superior cancer
therapeutic efficiency with good biocompatibility and higher tumor accumulation.®’

Cancer stem cells can preferentially recruit ferritin to facilitate propagation and tumorigenicity,®®
which has inspired the application of human ferritin (Hft) nanocages as a suitable biomimetic
nanovehicle to deliver various therapeutic agents against cancer stem cells (Fig. 3b).8° The use
of an intein-mediated trans-splicing approach yielded an antigen/adjuvant-loaded ferritin
nanoparticle that codelivered antigen and adjuvant and induced a more potent protective
immunity than other formulations.”® This approach is complementary to known technologies for
nanoparticle functionalization and overcomes instability issues that can occur with cargo loading
while enabling the simultaneous incorporation of adjuvants with epitopes to precisely and
effectively enhance antigen-specific immune responses.”>*

Importantly, ferritin can bind to transferrin receptor 1 (TfR1), which is overexpressed in 98% of
primary and metastatic human cancers.”>*® Additionally, TfR1 is expressed at high levels in
endothelial cells at the blood—brain barrier as well as on brain tumor tissues,”””® suggesting that
ferritin nanoparticles could be natively used as tumor-targeted drug carriers,”!% especially for
the treatment of brain cancers.!?"1%2 Moreover, the three-fold axis symmetry of ferritin makes it
conducive for fusion with antigens to recapitulate complex trimeric class I glycoproteins,
increasing the immune response for weakly immunogenic targets.!> Currently, ferritin
nanoparticles are being evaluated as a vaccine platform for influenza, Epstein—Barr virus, and
coronavirus disease 2019 (COVID-19) (Fig. 3¢).!%3-10°



2.1.3 Gelatin. Gelatin is a water-soluble polypeptide obtained from the acid, alkaline, or
enzymatic hydrolysis of collagen, the main protein component of the skin, bones, and connective
tissues of animals, including fish and insects.!” The high biocompatibility and biodegradability
of gelatin makes it widely suitable for use in food, pharmaceutical, and medical
applications.!””!"! Despite limited reports on using gelatin nanoparticles for therapeutic
applications, gelatin nanoparticles have been used for cancer therapy. Specifically, it has been
shown that the gelatin nanoparticles can rupture to promote their deep penetration into tumor
tissues when interacting with matrix metallopeptidase-2 (MMP-2) overexpressed by tumor cells
(Fig. 4a,b), allowing for the targeted delivery of anticancer agents to tumor sites.!!>!!?
Additionally, a core-shell gelatin@calcium phosphate nanoparticle has previously been
engineered to enable the separate encapsulation of drug molecules with different characteristics
in the core and shell to avoid interactions between the different drug molecules (Fig. 4c), as a
strategy to overcome multidrug resistance.!'*!13

2.2 Lipids

Lipids are a large and diverse group of organic compounds that are fatty acids or fatty acid
derivatives and are characterized by their high solubility in nonpolar solvents and generally
negligible solubility in water. As a main constituent of cell membranes, lipids have various
functions including protection, compartmentalization, energy storage, and signaling. Owing to
features such as high loading efficiency, high biocompatibility, and ease of preparation,
multifunctional lipid-based nanoparticles offer great promise for the delivery of
biopharmaceuticals. In this section, we introduce recent advances in lipid-based nanoparticles
(Fig. 5) for advanced therapeutic applications including gene therapy, mRNA vaccine delivery,
and cancer immunotherapy.

2.2.1 Liposomes. Liposomes are vesicles consisting of at least one lipid bilayer and can vary in
size from <100 nm to 2.5 mm in diameters. The formation of liposomes is often a spontaneous
process that occurs due to interactions between water molecules and the hydrophilic head groups
of the lipids, where the hydrophobic tails group together. As lipids are amphipathic in nature,
liposomes can encapsulate both hydrophobic and hydrophilic molecules. Thus, liposomes have
been widely used as delivery systems for numerous drugs.!'®!"” The high similarity between the
lipid bilayer of liposomes and cell membranes can facilitate cellular uptake, while the inclusion
of cationic 1,2-dioleoyl-3-trimethylammonium-propane chloride salt lipids can impart additional
fusogenic properties to cell membranes that enhance the delivery of the encapsulated cargo (Fig.
6a,b).!'%120 Fyrthermore, the addition of molecules such as PEG and transferrin to the surface of
liposomes can prolong the blood circulation time of the resulting liposomes through minimizing
recognition and clearance by the reticuloendothelial system (Fig. 6¢c).!?!

The lipid bilayer can be destabilized during photodynamic therapy by the singlet oxygen
generated by photosensitizers, which can trigger the release of the encapsulated cargo at the
target site.!!®12212  Ag demonstrated, liposome-gold nanoparticle hybrid systems can be



degraded by enzymatic reaction into smaller particles, achieving both hepatobiliary and renal
clearance of the lipid-coated gold nanoparticles for PTTs.!?* To regulate the pancreatic stellate
cells (PSCs) in pancreatic tumors,'® an MMP-2-responsive peptide hybrid liposome was
constructed via co-assembly. These peptide—liposome nanoparticles could be degraded by
MMP-2, which is secreted by both PSCs and tumor cells, through a site-specific peptide cleavage
manner, leading to the release of an antifibrosis drug that enhanced the perfusion of the
encapsulated therapeutics.

2.2.2 Lipid nanoparticles. LNPs are defined as nanosized lipid systems composed of a
discontinuous mixture of the different lipid components at different ratios that generally have
lipid compartments in their core. Rather than having a hollow core as liposomes do, LNPs can
have a nanostructured core, a homogeneous core and shell, multilamellar vesicular structures, or
other self-assembled morphologies, depending on their formulation and cargo.'?*1?® LNPs have
been widely used as carriers of nucleic acids because the ionizable lipids that are used in many
LNP formulations can electrostatically complex with the negatively charged phosphate backbone
of nucleic acids. These formulations facilitate cellular uptake and endosomal escape of the
nucleic acids.!?*!3% Other types of lipids used for LNP formations (Fig. 7a) include: (1)
phospholipids, which help in the structuring of the LNP bilayer and inhibit clearance by
endosomal compartments;'*"!32 (2) PEGylated lipids (PEG-conjugated lipids), which can
increase the circulation time of LNPs in the body and protect LNPs from endocytosis by immune
cells;'3*137 and (3) cholesterol, which enhances LNP stability and promotes fusion between
LNPs and cell membranes, !3%133:135.137

The design of LNPs for mRNA delivery and physiological barriers/possible administration routes
for LNP-mRNA systems has previously been discussed.?’” Recent breakthroughs in mRNA-LNP
vaccines have provided both protection and enhanced delivery, which has allowed mRNA-LNP
vaccines to be approved for in vivo use against infectious diseases.'*® Numerous studies have
reported the delivery of small-interfering RNA (siRNA) and mRNA in distinct LNPs.'¥
However, by adjusting the ratio of RNA to lipid, new LNP formulations can be developed that
simultaneously improve the delivery of both siRNA and mRNA (Fig. 7b). Additionally, the
combined use of ionizable lipids and negatively charged proteins can drive the electrostatic
self-assembly of LNP-protein nanocomplexes, enabling LNPs to deliver genome-editing
proteins for gene therapy.'*’ The use of LNPs as a carrier for Cas9/single-guide RNA delivery
has proven to enable Cas9 to enter the cell nucleus for effective genome editing in response to
the reductive intracellular environment.'?!:132140-143 Moreover, it was reported that a core-shell
LNP structure with gold nanoclusters as the core could be used for Cas9/single-guide
RNA-based gene therapy through the photothermal release of cargo (Fig. 7c,d).!**!¥ By
modifying the gold nanocluster core with human immunodeficiency virus (HIV)-1-transactivator
of transcription peptides, the Cas9/single-guide RNA could reach the cell nuclei, which allowed
for the effective knock-out of target genes.!*



LNPs constructed from glycolipids, natural components of cell membranes that can be
synthesized from fatty acids and sugars, have also been widely studied as drug delivery systems
because of their amphiphilic nature, negligible toxicity, and biodegradability.'*® Meanwhile, the
carbohydrate headgroups of glycolipids can interact with saccharide receptors with high
specificity, promoting the bioadhesion of glycolipids with cell membranes.'*’ These properties
make glycolipids promising components for targeted drug delivery. For example,
glycolipid-based LNPs can deliver mRNA that encodes costimulatory receptors to enhance T
cell-mediated cancer immunotherapy, thereby proving the value of glycolipids as a useful
delivery material for the modulation of T-cell function.!* Similarly, glycolipid nanoparticles
could be modified with a targeting peptide to allow for glioblastoma-targeted gene therapies, and
demonstrated high efficiency in enhanced cellular uptake and pathologically functional recovery
of the blood-brain barrier. 415

2.2.3 Solid lipid nanoparticles. Solid lipid nanoparticles (SLNs) are nanospheres made from
solid lipids (those with higher melting temperatures over >39°C) and obtained using high shear
homogenization and ultrasound dispersion techniques. The benefits of using solid lipids rather
than liquid lipids are the increased control over the release kinetics of the encapsulated
compounds and the improved stability of the incorporated chemically sensitive lipophilic
ingredients.!>! The lipid matrix of SLNs is made from physiological lipids, which can reduce the
harmfulness caused by acute or chronic toxicity.!>*> The application of SLNs in gene therapy for
the treatment of glioblastoma was previously demonstrated;'**® for example, integrin-binding
RGD (iRGD)-conjugated SLNs carrying siRNA against epidermal growth factor receptor (EGFR)
and programmed cell death 1 ligand 1 (PD-L1) were prepared and their uptake by tumor cells
could be primed by a short burst of radiation therapy, leading to activation of an immune
response and inhibition of tumor growth (Fig. 8a). Cationic SLNs (cSLNs) have also attracted
attention for the efficient delivery of compounds with low water solubility and various genetic
materials (Fig. 8b).1%*!57 For example, cSLNs were demonstrated to effectively bind to nucleic
acids, protect them from DNAase I degradation, and deliver them into living cells.!*® However, a
high surface charge and low PEG density on cSLNs could induce systemic platelet (PLT)
activation and aggregation through intrinsic coagulation pathways, causing a high risk of
thrombus.!> Thus, pretreatment of recipients with anticoagulants should be considered to
enhance the therapeutic efficacy of cSLNs.!*

2.3 Polysaccharides

Polysaccharides are polymeric carbohydrate molecules that are formed through a series of
condensation reactions among monosaccharides. As natural polymers, polysaccharides have
proven to be highly stable, nontoxic, hydrophilic, and biodegradable. Moreover, the hydrophilic
groups of polysaccharides, such as hydroxyl, carboxyl, and amino moieties, can interact with
biological tissues noncovalently, resulting in high bio-adhesion. Thus, the half-life of
nanoparticle carriers assembled from polysaccharides can be prolonged, leading to an increase in
the bioavailability of the loaded drugs. These merits have inspired the application of



polysaccharides and their derivatives as nanocarriers for both the in vitro and in vivo delivery of
bioactive agents for imaging, gene therapy, and vaccination. In this section, we introduce the
most widely used polysaccharide-based nanoparticles, including chitosan (CS), HA, and dextran
(DEX), and summarize their biochemical features for nanoparticle construction and biomedical
applications in advanced therapeutics. Glycogen is another example of a biological
polysaccharide nanoparticle that can be obtained through extraction processes from animal
tissues or sweet corn.'®® The use of glycogen nanoparticles for biomedical application has been
elaborated in a recent review.!®!

2.3.1 Chitosan. CS is a natural polycationic polymer derived from the deacetylation of chitin, a
biocompatible polysaccharide abundant in crustacean shells. Compared to chitin, CS is relatively
more reactive and can be transformed into various forms (e.g., powder, paste, film, and fiber).!?
The amino and hydroxyl groups along the CS chains enable the formation of stable covalent
bonds between CS and various molecules of interest (Fig. 9a).'®'® Moreover, the positive
charge and mucoadhesive properties of CS make it ideal for drug delivery (Fig. 9b).'®® For
example, a drug delivery system based on a tumor-hypoxia-activated photo-trigger (TAP) was
synthesized by covalent conjugation of the amine groups of glycol chitosan and the carboxyl
groups of TAP. This hypoxia-activated photo-trigger enabled the photo-release of anticancer
drugs, in which the positive charge of the CS nanoparticles ensured efficient endocytosis by
mammalian cells.'®” Solvent-free microfluidics can be used to tune the physicochemical
properties of CS nanoparticles, such as size and surface potential, to maximize cellular uptake,

which in turn has been shown to considerably increase the effectiveness of the loaded drugs (Fig.
90).168

It was reported that nanoparticles synthesized from two ureido-conjugated chitosan derivatives
exhibited favorable pH-sensitive characteristics, which could delay the release of amoxicillin in
gastric acids and enable effective delivery to the target, Helicobacter pylori, at its survival region
in the gut.!® Loaded with whole tumor cell lysates, a cancer vaccine based on CS nanoparticles
functionalized with mannose for dendritic cell (DC) targeting could be taken up by endogenous
DCs within the draining lymph node following subcutaneous administration, which resulted in
an increase in serum interferon-y and interleukin-4 levels.!”” Moreover, folate-modified CS
nanoparticles containing interferon-induced protein-10 gene were reported to reduce the
proportion of myeloid-derived suppressor cells and regulatory T cells and increase the percentage
of CXCR3'CDS8" T cells, which improved the antitumor response of CD8'CD28" cytotoxic T
lymphocytes.!”!17? In addition, the deacetylated amine groups along the CS chain are protonated
at neutral pH and can interact with negatively charged siRNA, which increases the stability of
siRNA in the blood stream. Therefore, CS-based nanoparticles have been widely used as carriers
of siRNA (Fig. 9d) to inhibit tumor progression'’*!7* and overcome drug resistance.!”>!7°

2.3.2 Hyaluronic acid. HA is a primary component of the extracellular matrix and plays a
structural role in connective tissues owing to its hydrodynamic properties and interactions with
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other extracellular matrix components.!”” The medical use of HA as a drug carrier is
advantageous because of its high solubility, long half-life, and ideal drug distribution in
tumors.!”*18 Moreover, HA has a strong affinity to CD44 (Fig. 10a), which is overexpressed by
many tumor cells.'®"!82 Compared to linear HA, HA-based nanoparticle copolymers have
demonstrated improved resistance to hyaluronidase degradation while maintaining their ability to
interact with CD44 (Fig. 10b)."*® This makes HA suitable for active tumor targeting
delivery.!®*!8  For  example, = HA-polyethyleneimine  nanoparticles  encapsulating
microRNA-125b can be used to target peritoneal macrophages, which internalize the HA
nanoparticles and then migrate to macrophage-ablated lung tissues.'®® This phenomenon can
promote the repolarization of tumor-associated macrophages toward the M1 phenotype.
Moreover, HA nanoparticles based on HA/2,3,5-triiodobenzoic acid can enhance the cellular
uptake of doxorubicin (DOX) via interaction with CD44, which subsequently improves the
antitumor efficacy of DOX.'® As the overexpression of CD44 is the representative hallmark of
atherosclerosis in its pathogenic process, HA nanoparticles also have potential for the diagnosis
and therapy of atherosclerosis.!®® For example, it has been shown that an oxygen-generating
nanocomplex encapsulating a manganese dioxide nanoparticle in an indocyanine green-modified
HA nanoparticle can overcome oxygen consumption during photodynamic therapy, leading to
significant tumor growth inhibition.!® For image-guided PTT,!”® multifunctional
nanocomposites of CuS loaded into Cy5.5-conjugated HA nanoparticles have been applied for
tumor detection as the Cy5.5 fluorescent signal is quenched by CusS inside the particle but after
degradation by hyaluronidase present in the tumor, a strong fluorescence signal appears in the
tumor. Similarly,'””! adamantane-modified Ce6 photosensitizer can be loaded into HA by
supramolecular interactions between B-cyclodextrin and adamantane, enabling the isolated
storage of different components and facile tuning of the loading ratio between cargos (Fig. 10c).

2.3.3 Dextran. DEX is the generic name that is applied to a large class of a-D-glucans, in which
the predominance of a-1,6-linkages is a common feature.!*>!*3 Owing to its properties such as
colloidal stability, hydrophilicity, and inertness in biological system, DEX has been used for the
assembly of polymeric drug delivery carriers.'®* For example, iron-DEX nanoparticles coupled
with major histocompatibility complex-immunoglobulin dimers and costimulatory anti-CD28
could enhance T cell activation in a magnetic field.'*> This generated a large number of activated
antigen-specific T cells and inhibited the growth of melanoma cells, thereby demonstrating a
clinically relevant application for adoptive cancer immunotherapy (Fig. 11a).'°° In another study,
amphiphilic polysaccharide nanoparticles of 5-cholanic acid conjugated to a dextran sulfate (DS)
backbone were synthesized for the targeted delivery of methotrexate to inflamed joints in
rheumatoid arthritis (RA).!”® These DS-based nanoparticles were selectively taken up by
activated macrophages via scavenger receptor class A-mediated endocytosis and effectively
accumulated in inflamed joints, implying their targetability to RA tissue (Fig. 11b).'%¢
Spermine-modified acetylated dextran (AcDEX) nanoparticles coloaded with the non-genotoxic
molecule Nutlin-3a and the cytokine granulocyte-macrophage colony-stimulating factor could
release Nutlin-3a in a pH-dependent fashion, inducing endosomal escape and demonstrating
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intrinsic immune adjuvancy on monocyte derived DCs, which then upregulated the expression of
CD83 and CD86 costimulatory markers on the cell surface.!”” This nanoparticle system showed
promising in vitro results leading to cancer cell death and consequent stimulation of antigen
presenting cells with the priming of T cells. Moreover,'”® a spermine-modified AcDEX-based
functional nanoparticle allowed for the pH-triggered drug delivery of CHIR99021 and SB431542
to increase the efficiency of direct reprogramming of fibroblasts into cardiomyocytes after
ischemic insult. These observations highlight the potential of DEX-based nanoparticles for
potential tissue regeneration therapies owing to their improved drug delivery and the efficient
reduction in tissue damage caused by ischemia.

It has been shown that DEX-based nanoparticles conjugated with amino vitamin B12 derivatives
for the oral delivery of insulin can lead to a significant reduction in blood glucose while
protecting insulin from GI enzymatic cleavage.!”?® In light of the upregulation of reactive
oxygen species (ROS) in the ischemic neuron, a bioengineered ROS-responsive nanocarrier
composed of a DEX polymer core modified with ROS-responsive boronic esters was developed
for the stroke-specific delivery of a neuroprotective agent (NR2B9C) against ischemic brain
damage.®®! These targeted “core-shell” nanoparticles allowed for the controlled release of
NR2BIC triggered by high intracellular ROS in ischemic neurons and could drastically prolong
the systemic circulation of NR2B9C, which enhanced the active targeting of the particles to the
ischemic area (Fig. 11c). In contrast, the coating strategy using AcDEX could increase the
dispersity and biocompatibility of nanoparticles, facilitating the nucleation process to further
grow the particles.?>?** The introduction of AcDEX in porous silicon nanoparticles (Fig. 11d)
prevented cargo release by blocking the pores of the porous silicon nanoparticles, where the
decomposition of AcDEX under acidic environments allowed for intracellular drug release.??>2%

2.4 Small-molecule catecholamines

Catecholamines, such as dopamine, epinephrine, and norepinephrine, are natural organic
compounds that function as neurotransmitters in the body (Fig. 12a) and are widely used as
vasopressors in the clinic.?®® Catecholamines can also be found in the adhesive proteins of
marine mussels, and inspired by this, dopamine has been used to coat a wide range of inorganic
and organic substrates via self-polymerization into polydopamine (PDA) in basic
environments,>% Other catecholamines, such as norepinephrine,?0”-2%
3,4-dihydroxy-L-ppinhenylanaline (L-DOPA),*” and 5-pyrogallol 2-aminoethane,?!® have a
chemical structure similar to that of dopamine and are known to undergo oxidative
polymerization to form poly(catecholamine) films. The obtained poly(catecholamine) share the
biocompatibility and surface-independent coating properties of PDA,*!! therefore affording a
versatile platform for film deposition and particle engineering. In this section, we introduce
catecholamine-based nanoparticles, mainly focusing on PDA nanoparticles owing to their wide
applications for advanced applications including delivery and diagnostics.

2.4.1 Properties of poly(catecholamine). Mytilus edulis foot protein 5 (Mefp-5) secreted from
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the byssal plaque of mussels is an adhesive protein that largely consists of DOPA and lysine
amino acids.?'? Inspired by the coexistence of catechol groups (from DOPA) and amine groups
(from lysine) in Mefp-5, dopamine has been explored as a small-molecule catecholamine
containing both a catechol and an amine group that can undergo oxidation in alkaline pH
conditions and self-polymerize into PDA.2% Of particular importance, PDA can be coated on
virtually any natural or synthetic substrate, including metals, oxides, polymers, ceramics,
bacteria, and cells, and can serve as a platform for secondary reactions to conjugate drugs,
antibodies, or biomolecules via covalent or noncovalent interactions. Studies suggest that the
intermolecular assembly of PDA is driven by both covalent and noncovalent pathways, although
the exact mechanism(s) remain(s) unclear.?'*!'4 During PDA formation, dopamine is sequentially
oxidized in solution to form covalently bonded oligomers, which are then physically assembled
via noncovalent interactions, including hydrogen bonding, n—n stacking, van der Waals forces,
and cation—m interactions.?!>*'® In addition to their strong adhesive properties, PDA displays
biocompatibility,?!”!® excellent near-infrared (NIR) absorbance,"? efficient radical scavenging
activity,” and strong metal-chelating capacity.??!*> The surface of PDA can be readily
functionalized with amines or thiol-terminated therapeutics or biomacromolecules in aqueous
solutions via Michael addition or Schiff base reactions.’?>>* For example, PDA has been
functionalized with zwitterionic peptides to generate low-fouling surfaces.’?* Furthermore, the
synthesis of PDA is simple and inexpensive as it can be obtained using a simple immersion
protocol in the presence of ambient air. Consequently, PDA has attracted wide interest in
materials science and biomedicine.?>>??® For example, PDA-based nanoparticles have been
employed as drug delivery carriers, photothermal agents, and photoacoustic contrast agents for
theranostics applications.??’-2%

Norepinephrine is another example of a natural catecholamine that can be used as a building
block for nanomaterial construction although it mainly functions as a neurohormone and
neurotransmitter in the body for regulating blood pressure, heart rate, and responsiveness to
stress and fear.2*%237 Specifically, norepinephrine can undergo oxidative polymerization to form
polynorepinephrine (PNE) in basic environments.®’ Similar to dopamine, the oxidative
polymerization of norepinephrine is attributed to its chemical structure, which contains a
catechol and a primary amine. Importantly, PNE coatings have been found to share the
material-independent coating properties of PDA (Fig. 12b) and have been successfully coated on
a large range of materials, including metal oxides, ceramics, semiconductors, and synthetic
polymers.?*®® Furthermore, the presence of the alkyl hydroxyl group in norepinephrine allows the
PNE coatings to serve as a platform for the ring-opening polymerization of biodegradable
polymers. Compared to PDA coatings, PNE coatings exhibit a smoother surface at the nanometer
scale (Fig. 12¢c-f) owing to the formation of an intermediate, 3,4-dihydroxybenzaldehyde, during
the polymerization process.?”® PNE nanoparticles have been recently developed and proposed as
drug delivery carriers owing to their high biocompatibility and high drug loading capacity.*

2.4.2 Self-assembled PDA nanoparticles. Besides being able to form coatings, dopamine can
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self-assemble into PDA nanoparticles in basic conditions or after treatment with oxidative agents.
The size of PDA nanoparticles can be tuned from several nanometers to hundreds of nanometers
in aqueous alkaline solutions by the titration of different ratios of dopamine to sodium hydroxide
or ammonium hydroxide.?!*??° The particle size is also influenced by the reaction temperature,>*°
pH,>?8 buffer,?*° and additives (such as oxidants and alcohols).?****! During the synthesis of PDA
nanoparticles, functional substances, such as anticancer drugs,??®**? targeting moieties,?*>?%4
plasmid DNA,?* and photosensitizers,>****’ can be simultaneously incorporated via covalent
coupling, noncovalent interactions, or physical entrapment. For example, the loading of
hydrophobic photosensitizer Ce6 into PDA nanoparticles was reported to occur through n—n
interactions between PDA and Ce6.2*¢ Ce6 was entrapped within the polymer matrix of PDA and
exhibited a sustained release for 5 days in biological media. The obtained nanoparticles
demonstrated combined photodynamic and PTT against bladder cancer cells. Anticancer drugs,
such as camptothecin and DOX, were efficiently loaded onto the surface of PDA nanoparticles
through hydrophobic interactions and n— stacking.??®>* Furthermore, the resultant drug-loaded
PDA particles can be subsequently functionalized with targeting ligands. For example,
triphenylphosphonium was conjugated on the surface of DOX-loaded PDA nanoparticles as a
targeting moiety for mitochondria. The obtained particles could deliver DOX to the mitochondria
of breast cancer cells to overcome drug resistance in long-term anticancer chemotherapy.?**
Owing to the chelating ability of PDA, PDA nanoparticles can also be loaded with metals, such
as manganese (Mn), copper (Cu), iron (Fe), technetium (Tc), and the resultant metal-loaded
particles have been applied for in vivo bioimaging, including magnetic resonance imaging,2*>248
photoacoustic imaging (PAI),>* single-photon emission computed tomography,>*? and positron
emission tomography (PET).>°

Pure PDA nanoparticles display strong NIR absorption and a high photothermal conversion
efficiency (40% at 808 nm), which is sufficient for tumor PTT.?! For example, it was reported
that exposure to an 808 nm laser at 2 W cm 2 for 5 min could efficiently suppress tumor growth
in vivo following the intratumoral injection of colloidal PDA nanoparticles with an average size
of 160 nm (Fig. 13a—).2!® Moreover, the photothermal conversion ability of PDA nanoparticles
could be used to ablate deep brain tissue in vivo via NIR irradiation (Fig. 13 d—).%°! An ablation
volume of 6.5 mm® was achieved without significantly damaging the adjacent cortical surface
after the intrahippocampal administration of PDA nanoparticles, followed by 10 min of
transcranial NIR irradiation at 808 nm. In another recent study,>> PDA nanoparticles were
applied as a photothermal conversion platform to stimulate neuronal activity. The PDA
nanoparticles could activate neuron-like cells through increasing the intracellular temperature
upon NIR irradiation (Fig. 13 g,h). The intracellular temperature increment mediated by NIR
irradiation of the PDA nanoparticles led to an intracellular Ca?* influx in differentiated
neuron-like cells.

Furthermore, PDA has antioxidant abilities owing to the abundant phenolic groups that can
function as radical scavengers. PDA nanoparticles have shown promise in treating inflammation,
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periodontal disease, and Parkinson’s disease.?***> For example, PDA nanoparticles with a
diameter around 80 nm efficiently eliminated ROS induced by H20O2 or lipopolysaccharide in
vitro, and subsequent in vivo studies using a murine acute peritonitis model confirmed the
anti-inflammatory properties of PDA nanoparticles.”>> Moreover, 160 nm PDA nanoparticles
served as robust antioxidants for ROS removal in murine periodontitis models for oxidative
stress-induced periodontal disease.”® PDA nanoparticles were also applied as antioxidative
enzymes for photodynamic therapy, where RBC cell membranes were coated onto
hemoglobin/PDA nanoparticles.””” The presence of PDA allowed for the encapsulation of a
photosensitizer (methylene blue) by post-adsorption and prevented hemoglobins from oxidative
damage during circulation in vivo. Upon NIR irradiation, the pseudo RBCs accumulated in
tumors and supplied oxygen in situ to achieve a strong photodynamic therapy efficacy with a
high tolerance to intratumoral extreme hypoxia. Similarly, lipid-coated PDA nanoparticles were
applied as antioxidant and neuroprotective agents to protect neuron-like cells from ROS-induced
damage.?

PDA nanoparticles can also serve as antigen delivery carriers for cancer immune therapy. The
antigen, OVA, or other proteins that contain primary amines or thiol groups can readily be
conjugated to PDA nanoparticles through Michael addition or Schiff base reactions.?® For
example, OVA-coated PDA nanoparticles enhanced the uptake of OVA by bone-marrow-derived
DCs, prolonged the antigen retention time in lymph nodes, and suppressed tumor growth by
activating cytotoxic T cells in vivo. Furthermore, tumor cell lysates could be covalently
conjugated to the surface of PDA nanoparticles, which effectively promoted tumor antigen
uptake and DC maturation.?® Interestingly, pure PDA nanoparticle were found to promote DC
maturation and delay tumor growth by stimulating T cells and improving the immunosuppressive
microenvironment within the tumor. In addition, adjuvant-loaded PDA nanoparticles have been
developed for photothermal immunotherapy, taking advantage of the high photothermal efficacy
of PDA. For example, an immune adjuvant imiquimod (toll-like receptor 7 agonist) was
encapsulated into PDA nanoparticles during the self-polymerization of PDA.2®* The surfaces of
the PDA nanoparticles were further functionalized with anti-PD-L1 antibodies and the presence
of anti-PD-L1 enabled the specific targeting of PDA nanoparticles to PD-L1-overexpressed
tumor cells and blockage of the immune checkpoint PD-L1 in tumor cells. Upon NIR irradiation,
the PDA nanoparticles inactivated the tumor cell and promoted the DC uptake of tumor cells,
forming an in situ-assembled cancer vaccine that could induce the maturation of DCs and
promote the differentiation of naive T cells into cytotoxic T cells (Fig. 14a—c), thereby killing
tumor cells and providing long-term protection from tumor recurrence in mice. Similarly,
imiquimod could be loaded into mesoporous PDA nanoparticles with high efficiency via
hydrophobic interactions and n—r interactions.?®! The surfaces of the PDA nanoparticles were
then functionalized with polyvinyl pyrrolidone to enhance lymphatic drainage (Fig. 14d), and the
obtained nanoparticles could serve as efficient adjuvants to promote DC maturation and CD8+ T
cell response. A combination of three therapies including PTT, immunotherapy, and
chemotherapy were recently demonstrated by adsorbing imiquimod (serving as an immune
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adjuvant) and DOX (serving as a chemotherapy drug) onto PDA nanoparticles (serving as a
photothermal conversion agent) via n— stacking and electrostatic interactions.?®> The synergetic
toxicity of DOX and hyperthermia destroyed the local tumors, and together with the loaded
immune adjuvant, the particle system could induce a systemic immune response to protect
against tumor recurrence.

2.4.3 PDA-coated nanoparticles. PDA coatings have been reported to improve the colloidal
stability, physiological stability, and in vivo biocompatibility of nanoparticles,'®*%* and serve as
a functional layer for drug loading for advanced therapies.?!®2%*264 Various small-molecule drugs
such as cisplatin,®® hesperetin,?®® docetaxel,’®” and desipramine’®® can be loaded into
PDA-coated nanoparticles through metal chelation, n—r stacking, hydrophobic interactions, or
electrostatic interactions. For example, the catechol groups in PDA-coated micelles were
employed to immobilize the anticancer drug bortezomib (BTZ) through the formation of boronic
acid—catechol bonds.?®® BTZ was released from the PDA shells in a pH-responsive manner
because the boronic acid—catechol bond could be cleaved in acidic conditions. Furthermore, the
PDA shell on the micelles enabled drug release in response to NIR irradiation and PTT for
cancer treatment. In another example, a thin PDA coating on gold nanorods could suppress the
cytotoxicity of a surfactant template and allow for high cisplatin loading, targeting ligand (RGD
peptide) conjugation, and chelator-free iodine-125 labeling (Fig. 15a—d).?%° Specifically, cisplatin
was loaded onto PDA through the metal chelation of catechol groups, which enabled
pH-dependent drug release, where the photothermal effects thoroughly ablated tumors and
inhibited relapse via a combined chemo-photothermal synergistic antitumor effect. Recently,
PDA has been used to modify the surface of exosomes by forming PDA coatings in mild ambient
conditions.?”® The PDA coating could also serve as a platform for secondary reactions to
conjugate functional molecules (e.g., PEG and fluorophores) to the PDA-coated exosomes.

PDA can be used to coat colloidal drug crystals to improve their colloidal stability and long-term
storage, and enable the controlled release of cargo. For example, a NIR-responsive drug delivery
system was developed simply by coating PDA on DOX nanoparticles.?”! The PDA coating
extended the blood circulation time of the DOX nanoparticles and inhibited the leakage of DOX
during circulation. Furthermore, NH4HCOs3 could be introduced into the PDA-coated DOX
nanoparticles during the self-polymerization of dopamine. During NIR laser irradiation, CO2 and
NH3 gas were produced from the encapsulated NH4HCO3 due to the hyperthermia induced by the
PDA shell, which triggered the disassembly of PDA and released DOX in the tumor environment
(Fig. 15e—g), thereby enabling advanced chemo-PTT. Similarly, a thin layer of PDA could be
coated on insulin particles, facilitating pH-responsive insulin release.?’? Sustained insulin release
was maintained over 40 h at pH 7.4, whereas less than 30% was released at pH 5.4. Moreover,
the PDA shells were stable in various pH buffers over 60 days. Recently, a PDA-coated siRNA
nanogel was developed for gene-mediated PTT.?’> The PDA shell protected siRNA from
enzymatic degradation and endowed the nucleic acid nanogel with photothermal responsiveness.
Under NIR irradiation, the heat generated by the PDA shell triggered the endo/lysosome escape
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of siRNA and promoted efficient gene silencing against heat-shock-protein 70, which is
overexpressed in tumor cells.

Recent studies have shown that a PDA coating can facilitate the mucopenetration of
nanoparticles for potential mucosal delivery of therapeutics. For example, PDA-coated
carboxylated polystyrene nanoparticles diffused 6-fold slower in mucus than in water, whereas
polystyrene nanoparticles without a PDA coating diffused 1000-fold slower.?”* The enhanced
mucopenetration of PDA was due to the hydrophilicity and negative surface charge of PDA,
which allowed the nanoparticles to minimize the interactions with negatively charged and
hydrophobic mucin particles.?”

2.4.4 Hollow PDA capsules. Hollow PDA capsules can be prepared through the deposition of
thin PDA coatings on sacrificial template particles, followed by the selective removal of the
template particles. For example, different organic and inorganic particles, including silica,?’%%"’
calcium carbonate,>’® manganese carbonate,’’”> metal-organic frameworks,>” polystyrene,
and emulsion droplets,?®>?** have been used as sacrificial templates to prepare PDA capsules
with different sizes and morphologies. The shell thickness can be readily controlled by tuning the
dopamine concentration, reaction time, or number of coating cycles.?’®?%" The obtained PDA
capsules exhibit high stability at different pH (2—-11) and negligible cytotoxicity to mammalian
cells.?’¢?80 Functional cargo, including hydrophobic drugs (e.g., thiocoraline), magnetic
nanoparticles, and quantum dots, have been preloaded in emulsion nanodroplets, followed by
PDA coating and core removal, where the chemicals and materials remain in the encapsulated
PDA capsules after template removal (Fig. 16a).2®? For example, a pH-responsive drug release
system was engineered by conjugating DOX on the surface of PDA capsules through a pH-labile
linker (Fig. 16b).>** Over 85% of the loaded DOX was released over 12 h at
endosomal/lysosomal pH, whereas less than 20% DOX was released at neutral pH (Fig. 16c).
Moreover, the DOX-loaded capsules demonstrated cytotoxicity to HeLa cells compared to free
DOX (Fig. 16d,e). Ionic liquids (ILs) have also been encapsulated into PDA capsules and used to
generate hyperthermia using tumor microwave thermal therapy.?®*?®° For example, PDA
nanocapsules with an average size of 140 or 500 nm were prepared using silica templates and
subsequently filled with ILs via an ultrasonic method under vacuum. The obtained IL-loaded
PDA nanocapsules successfully generated hyperthermia and could eradicate cancer cells in vitro
and in vivo under microwave irradiation, Meanwhile, DOX was loaded onto the PDA
nanocapsules through m—m stacking and electrostatic interactions to achieve a combined
chemotherapy and microwave thermal therapy.?®> Alternatively, PDA nanocapsules with a
diameter of 200 nm could be formed using dimethyldiethoxysilane-based emulsion templates,
followed by template removal using ethanol.?®® The obtained PDA nanocapsules served as a
highly efficient theranostics platform for PAI and PTT due to the strong NIR absorbance of PDA
(Fig. 16f=h). Interestingly, PDA nanocapsules exhibited higher PAI ability with more than
two-fold higher intensity than solid PDA nanoparticles, which was likely due to the hollow
structure of the nanocapsules producing harmonic imaging at certain ultrasound powers.

280,281
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2.4.5 PDA-enabled single-cell nanoencapsulation. Single-cell nanoencapsulation, where single
cells are encapsulated within a thin coating, can endow living cells with exogenous properties
that they do not naturally possess. For example, PDA films were coated on the surface of
Saccharomyces cerevisiae (yeast cells) (Fig. 17a-g),?®” where the average PDA coating thickness
was around 30 nm and could be increased by multiple coating steps. The PDA coating on yeast
could inhibit cell division, protect cells from a harmful enzyme (lyticase), and serve as a
platform for secondary surface functionalization. In another example, PDA coatings containing
FesOs4 were deposited onto Rhodotorula glutinis, enabling the coated cells to serve as a
whole-cell biocatalyst for the production of chiral alcohols.?®® The PDA shell significantly
improved the catalytic activity of the encapsulated cells, displaying 5 times higher productivity
than native cells, likely due to the electron transfer ability of the PDA shell. The reusability of the
cells was also largely improved (8 times higher than native cells) due to the cytoprotective and
magnetic properties provided by the incorporated Fe3Os. Furthermore, RBCs were encapsulated
in a PDA shell to cover the antigenic epitopes, which protect the cells from coagulation
reactions.”®® The PDA shell had negligible effects on the structure, viability, or physical
properties (such as osmotic fragility and deformability) of the RBCs. Importantly, PDA-coated
RBCs had similar in vivo survival profiles to native RBCs, demonstrating the potential for
applications in blood transfusion practices.

In addition, owing to the tissue adhesive properties of PDA, PDA-coated microparticles can be
deposited on pancreatic islets, forming a cell-particle hybrid, with negligible impact on the
viability and functionality of the pancreatic islets.>’® A potent calcineurin inhibitor (FK506) was
loaded into the PDA-coated particles and sustainably released from the cell-particle hybrids,
which suppressed the host immune reaction and prolonged the survival of the xenogenic islet
graft in vivo. The PDA-based hybrid cell-particle system modulated the local immune responses
and had minimal influence on immune functions relating to systematic circulation and other
tissues, highlighting its promise as a platform for clinical pancreatic islet transplantation.

2.5 Plant-based natural polyphenols

Polyphenols are naturally occurring compounds that are widely found in plants and display
intrinsic biological properties, including biocompatibility, anti-oxidation, free radical scavenging,
UV absorption, metal ion coordination, and other biological activities.>’' The catechol and gallol
moieties in many polyphenols can interact with diverse surfaces through metal-phenolic
coordination, hydrogen bonding, covalent bonding, and hydrophobic and electrostatic
interactions.?® This makes polyphenols a versatile and suitable building block for the design of
nanomaterials for therapeutic applications.””? Furthermore, a range of bioactive moieties,
including targeting ligands, drugs, prodrugs, imaging contrast agents, and tracking molecules,
can be encapsulated within or functionalized onto polyphenol-based nanoparticles,?>*** thereby
enabling diverse biomedical applications and emerging properties for advanced therapies. In this
section, we summarize the properties of polyphenol building blocks and introduce different types
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of polyphenol-based nanoparticles followed by a discussion of their application in advanced
therapies, including checkpoint blockade immunotherapy, adoptive cell therapy, chemodynamic
therapy, photodynamic therapy, and PTT.

2.5.1 Properties of natural polyphenols. From the chemical point of view, “polyphenol” refers
to chemical compounds that possess multiple aromatic rings with at least one hydroxyl group
bonded to the aromatic ring.?*> Generally, polyphenols are produced through plant metabolism
and are widely distributed in different plants, fruits, and vegetables.?”® For example, green tea,
grapes, coffee beans, olives, onions, and malt are rich in EGCG, TA, caftaric acid, caffeic acid,
hydroxytyrosol, quercetin, and procyanidin C2, respectively.?®?*® Most polyphenols can be
obtained by chemical extraction and purification from their plant sources, while some
polyphenols can be accessed by chemical synthesis,®®*® or biosynthesis using yeast or
mammalian cells.’*!*%2 In addition to their large abundance in nature, polyphenols display
diverse chemophysical and biological properties, including UV absorbance,*** anti-oxidant,3%43%
antibacterial >*®37  anti-fibrillogenic,>® and anticarcinogenic properties.’” As a result,
polyphenols have been traditionally and historically used in the food industry, leather
manufacturing, cosmetics, and the pharmaceutical industry.3!%3!!

Recently, polyphenol-based materials including nanofilms, particles, and hydrogels have
attracted growing interest due to the development of these materials based on the functional
properties of universal surface adherence and metal-chelating capability arising from the
presence of catechol and gallol groups.’!>*!3 These chemical moieties (catechol and gallol groups)
allow polyphenols to interact with a broad range of biomolecules, including proteins,
carbohydrates, lipids, and nucleic acids, through hydrogen bonding, covalent bonding,
hydrophobic interactions, © interactions, electrostatic interactions, and metal coordination.?>-!4
Therefore, nanoengineered polyphenol particles have attracted growing interest and have
emerged as promising candidates for biomedicine owing to their biocompatibility, “green”
preparation process, and tunable physiochemical properties.??!-313

2.5.2 Metal-phenolic network-based nanoparticles. Metal-phenolic network (MPN) assembly
is a facile and versatile platform for thin-film and particle engineering using coordination
complexes of natural polyphenols and metal ions (Fig. 18a—c).3!* There has been tremendous
interest in MPN-based nanoparticles owing to their considerable merits including: (i) ease and
speed of preparation (generally <30 s); (ii) tunable physicochemical properties, including size
(from 120 nm to 10 um), stiffness (from 56 to 871 mN m™'), structure (solid, hollow, porous),
shape (planar, spherical, ellipsoidal), and surface chemistry (secondary surface functionalization);
(ii1) high biocompatibility and biodegradability; (iv) wide choice of phenolic ligand and metal
ion precursors for specific applications (medical imaging, drug delivery, tumor targeting); and (v)
possibility for large-scale synthesis.!*316-319

Specifically, self-assembled MPN nanoparticles can be prepared simply by mixing metal ions
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with natural polyphenols in aqueous solutions.’?® A variety of lanthanides and transition metal
ions can form complexes with natural polyphenols to generate a library of functional MPN
particles for medical imaging, including magnetic resonance imaging (MRI),*!2? PET,** and
luminescence imaging.®'%32* Moreover, the self-assembly of natural polyphenols can be used to
incorporate small-molecule anticancer drugs into the MPN particle system, leading to a hybrid
particle system for cancer theranostics. For example, BTZ, a boronate proteasome inhibitor for
cancer therapy, was complexed with four different natural polyphenols, including TA, EGCG,
catechin, and procyanidin, through boronate—catechol complexation (Fig. 19a). Ferric iron was
used to stabilize the hybrid BTZ—polyphenol nanoparticle system and enabled MRI (Fig. 19d,e).
The formation of catechol-boronate dynamic covalent bonds enabled the pH-controlled release
of BTZ in the tumor microenvironment (Fig. 19b,c).’** Similar strategies have been used to
incorporate cisplatin prodrug with EGCG on the basis of the coordination between Fe(Ill) and
polyphenols. The obtained hybrid particles could be doped with gadolinium ions for MRI to
track the in vivo delivery of the nanoparticles. Combined chemotherapy and chemodynamic
therapy was realized through the controlled release of cisplatin and Fe(IIl) ions after cellular
internalization, leading to the production of toxic ROS species catalyzed by an iron-based Fenton
reaction.’?® In another study, p53 plasmid was encapsulated in a 120 nm-sized Fe(IlI)-TA-based
nanoparticle, which was designed to eradicate cancer cells through a ferroptosis/apoptosis hybrid
pathway.’?” The ferric ions were released from the MPNs upon cellular internalization, which
triggered the Fenton reaction to produce ROS and liquid peroxide. Meanwhile, p53-expressed
proteins inhibited elimination of the liquid peroxide, leading to oxidative stress induced by
ferroptosis.

The green tea polyphenol (EGCG) and samarium ions (Sm(II)) can be used to engineer
self-assembled nanoparticles with a hydrodynamic size of 61 nm (Fig. 19f—i), which demonstrate
enhanced inhibition to metastatic melanoma without negative side effects to healthy cells.??8
Specifically, the Sm"'-EGCG nanoparticles showed stronger therapeutic effects compared to the
individual components and generated tumor cell apoptosis through mitochondrial pathways. A
similar self-assembled particle system integrated with (—)-epicatechin (EC) and Sm(III) has been
introduced for adenosine triphosphate depletion and ROS-enhanced combination chemotherapy
against colon cancer.’” The incorporation of EC and Sm(IIl) also enabled a synergistic
therapeutic effect through a mitochondrial dysfunction process. A transformable nanoparticle was
recently developed through the assembly of TA, DOX (a small-molecule anticancer drug), and
indocyanine (a photothermal agent).**° The nanoparticle could transform from hydrophilic at
physiological pH to hydrophobic in acidic tumor microenvironments and intracellular
compartments. This enabled the nanoparticles to have a prolonged blood circulation, enhanced
cellular internalization, and rapid lysosome escape. Furthermore, particles incorporated with
indocyanine showed a PTT-mediated deep tumor penetration effect upon laser treatment.

In the form of nanofilms, MPNs can be coated on a variety of organic and inorganic substrates
owing to the universal adherence properties of phenolic groups. For instance, Fe'"-TA MPN
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systems have been coated on hydrophobic drug crystals (small-molecule anticancer drug
paclitaxel).*3!*3 The coating significantly enhanced colloidal stability (over 6 months) of the
drug nanoparticles, which exhibited higher antitumor activity compared to the commercial
formulation of Taxol. Moreover, Fe!'-TA-based MPNs can be used to improve the stability and
control the release of coated sorafenib nanocrystals, a clinically used protein drug that incudes
ferroptosis.**> As demonstrated, the Fe''-"TA MPN coatings could release sorafenib at acidic
lysosomal pH due to the pH-dependent MPN coating. The presence of TA converted the released
and ferroptosis-generated Fe** into Fe?', which promoted the intracellular production of lipid
hydroperoxides for enhanced ferroptosis therapy. Furthermore, a photodynamic agent, methylene
blue, was encapsulated with the sorafenib nanocrystals through molecular interactions with the
MPNs for imaging-guided photodynamic therapy. Upon tumor accumulation, the concomitant
release of sorafenib and methylene blue induced a multimodal combination of imaging-guided
photodynamic therapy and ferroptosis therapy.

Recently, MPNs have also been reported as a versatile coating to instigate the endosomal escape
of nanoparticles owing to the “proton-sponge” effect arising from the buffering capacity of
MPNs (Fig. 20a), which can provide an alternative strategy for the cytosolic delivery of
therapeutics.*** Furthermore, MPN coatings have been found to inhibit amyloid formation, which
is associated with Alzheimer’s disease. Specifically, investigation into the inhibition of amyloid
fibrils using MPN-coated gold nanoparticles containing different metal ions (Fe™, AI'!, Cu!, Ni"!,
Zn", or Co")** demonstrated that Co'-TA-coated gold nanoparticles exhibited the highest
inhibition (90%) among the MPN-coated gold nanoparticles examined, whereas the remaining
MPN-coated gold nanoparticles showed a similar level of activity to the pristine TA-coated gold
nanoparticles (30%). In a related study, the use of a Co'-TA-based MPN coating was
demonstrated to facilitate the orientation-specific immobilization of antibodies on nanoparticles,
leading to more than 2-fold greater cell targeting (Fig. 20b—d).>*® Molecular dynamics
simulations suggested that the Co"-based MPNs had a higher concentration of solvent-exposed
Co" compared with the other metal ion-based MPN systems, which facilitated coordination with
the histidine-rich portion of the antibody Fc region, thereby effectively conjugating the Fc region
of the antibody to the nanoparticles.

MPNs have also been coated on plasmonic nanoparticles to achieve combination therapy. For
example, a nanotheranostics particle system was engineered by coating metal (Gd*")—polyphenol
(TA) networks on a DOX-loaded mesoporous silica-coated gold nanorod.**” The presence of
Gd*" and the gold nanorod enabled MRI, computed tomography, and photothermal imaging for
imaging-guided therapy, while the polyphenol worked synergistically with DOX to prevent
invasion and metastasis for combined therapy. Similarly, MPNs assembled from TA and metal
ions (Fe'l, VI or Ru™) exhibited a high photothermal efficiency (40%).%® This photothermal
effect was independent of the particle substrate (polymeric or inorganic nanospheres) or the
thickness of the MPN coatings. Moreover, the potency of Fe'''-TA-coated poly(lactic-co-glycolic
acid) (PLGA) nanovesicles for photo-responsive usage has been studied for in vivo photothermal
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tumor ablation, photothermal imaging, and PAI.

MPN hollow capsules with highly defined physiochemical properties (e.g., size, shape, shell
thickness, stiffness, and surface chemistry) can be prepared by depositing MPNs on sacrificial
templates (Fig. 21a),*3° which provides additional degrees of versatility for drug delivery. For
example, the loading of functional proteins, polysaccharides, and small-molecule drugs into
MPN capsules was achieved through template-directed assembly where the cargo was
pre-adsorbed onto the templates, followed by MPN coating and template removal.}!%34
Furthermore, MPN capsules have been endowed with medical imaging properties (e.g., MRI,
PET, and ultrasound imaging) as well as tunable disassembly profiles by incorporating different
metal ions (Fig. 21b—),>!%**! which enables the controlled release of encapsulated drugs in
intracellular compartments. For example, anticancer drug DOX was incorporated into AI"'-TA
capsules through the assembly of MPNs on DOX-loaded calcium carbonate (CaCO3) templates,
followed by CaCOs3 dissolution.’*® The capsules exhibited a high drug loading capacity (1.3 pg
per capsule) due to the high surface area of the porous CaCO3. The pH-dependent disassembly of
the AI"-TA capsules allowed for the controlled release of DOX in acidic intracellular
compartments (e.g., endosomes or lysosomes) and led to enhanced drug effectiveness (Fig.
21g,h). Furthermore, MPN capsules were recently applied to pulmonary delivery where Fe'-TA
capsules were aerosolized by a commercially available nebulizer.>'® The capsules remained intact
without significant loss of the encapsulated cargo. Tuning the aerodynamic diameter of the
capsules by increasing the capsule shell thickness facilitated precise control of capsule deposition
in a human lung model. Notably, in vivo studies demonstrated that the MPN capsules were
highly biocompatible and biodegradable, as assessed following intratracheal administration in
mice.

Inspired by natural building blocks, synthetic analogues can be engineered for specific
applications. The functionality of MPNs can be further extended based on the design and
engineering of synthetic phenolic-derived building blocks. For example, catechol-functionalized
HA and PEG were used to assemble MPN particles that demonstrated enhanced stealth and
targeting abilities in vitro.’*>3* A protein corona derived from human serum was found to
significantly improve the targeting of HA-based MPN capsules to tumor cells in vitro by
reducing nonspecific capsule—cell interactions.**> More recently, the preparation of PEG-based
MPN nanocapsules of three different sizes (50, 100, 150 nm) through supramolecular
template-assisted assembly was demonstrated where a 14 nm gold nanoparticle was encapsulated
into the nanocapsules to quantitatively track the bio—nano interactions of the nanocapsules in
vitro, ex vivo and in vivo by mass cytometry.’*® The 50 nm MPN nanocapsules displayed a
longer in vivo blood circulation time (half-life 4-5 h) than their 150 nm counterparts, which was
consistent with the ex vivo results that showed that decreasing the size of the MPN nanocapsules
led to reduced association with immune cells in human blood. In another example, a
plant-inspired hydrogel was developed based on Ag-lignin nanoparticles.**” The Ag-lignin
nanoparticles were assembled with a dynamic catechol redox system to continuously generate
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catechol groups in the hydrogel networks, endowing the hydrogel with long-lasting
adhesiveness.*

2.5.3 Polyphenol-protein nanoparticles. Polyphenols have traditionally been used in the
leather tanning industry owing to their strong interactions with proteins.>*® With advances in
materials science and nanotechnology, a variety of protein—polyphenol nanoparticles have been
engineered for advanced therapies. For example, a micellar nanocomplex was self-assembled by
the complexation of EGCG with Herceptin (Trastuzumab, an anticancer antibody) in aqueous
solutions (Fig. 22a—c).” Hydrophobic interactions were found to drive the complexation of
EGCG with Herceptin, as the nanocomplexes were effectively disassembled by Tween 20, Triton
X-100, and sodium dodecyl sulphate due to hydrophobic competition. As a result of the
synergism of ECGC and Herceptin, the obtained nanocomplexes demonstrated higher inhibitory
effects in vitro and better tumor growth reduction in vivo than free Herceptin.

Recently, TA-modified proteins have been introduced as a promising system for heart-targeted
therapies (Fig. 22d—f).>* By simply mixing proteins with TA at an optimized stoichiometric ratio,
TA-functionalized (TANNylated) proteins were assembled via hydrogen bonding. Similar to
PEGylated proteins, TANNylated proteins show prolonged blood circulation in vivo compared
with non-TANNylated counterparts. Interestingly, TANNylated proteins accumulated in the heart,
where they penetrated the endothelium to bind to myocardium extracellular matrix owing to their
high affinity to elastin and collagen rather than glycocalyx in the blood vessels. Therapeutic
proteins, peptides, and viruses can be TANNylated using this strategy, which enables specific
targeting to the heart.

More recently, a library of protein—polyphenol capsules using TA and more than 10 proteins with
different molecular weight, isoelectric point, and aliphatic index were introduced.*° Depending
on the peptide backbone and the majority of the exposed protein surface, protein—polyphenol
interactions were driven either by hydrogen bonding, hydrophobic interactions, ionic interactions,
or a combination of the three (Fig. 22g,h). Importantly, the bioactive functions of the proteins
were preserved after being assembled into capsules, which allowed for catalysis and cancer cell
targeting to be performed by the capsules. In a follow-up study, a supramolecular protein—TA
nanoparticle platform was developed through template-mediated assembly using mesoporous
silica.® Three therapeutic proteins including cytochrome C, immunoglobulin G, and
B-galactosidase were assembled with TA on sacrificial mesoporous silica, followed by template
removal using hydrofluoric acid. These protein—TA nanoparticles were stable in serum for more
than 1 week but rapidly disassembled and consequently released functional proteins in the
cytosol upon cellular uptake, likely due to the competitive binding of intracellular glutathione.
The bioactivity of proteins was maintained after intracellular delivery as evidenced by catalysis
hydrolysis induced by B-galactosidase and cell apoptosis included by cytochrome C (Fig. 221).
Furthermore, the nanoparticles were capable of endosomal escape (Fig. 22j) because the particle
surface charge switched from negative to positive in the intracellular acidic environment due to
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the isoelectric point of the proteins.

Besides taking advantage of protein—polyphenol interactions, enzymes have been used to
mediate the assembly of MPNs. For example, the kinetics of MPN film formation could be
readily tuned by the glucose oxidase-catalyzed reaction of D-glucose, which produces hydrogen
peroxide to accelerate the oxidation of Fe** to Fe** in MPN films composed of Fe-TA
complexes.®>? The optimized kinetics of generating Fe**~TA species facilitated film formation,
producing MPN films with 9 times higher thickness compared to the air oxidation-based method.
In another example, tyrosinase was used to expand the toolbox for MPN assembly by converting
monophenol groups of molecules to catechol groups.’>* Based on this strategy, a wide range of
monophenol-containing molecules (including small molecules, peptides, and proteins) that do
not natively contain catechol groups could be assembled on planar and particle surfaces through
enzyme-mediated assembly, while still preserving the inherent function of the building block
molecule.>> Recently, a self-assembled ternary complex constructed from TA, enzyme
(B-galactosidase), and phenylboronic acid-conjugated polymers were reported.>* The obtained
ternary complex could deliver S-galactosidase to the target tumor in a mouse model, protect the
enzyme from degradation by proteinase, and release them upon cellular internalization.

2.5.4 Polyphenol-enabled cell engineering. Cell engineering is conventionally based on
complex processes involving gene editing for specific cell properties. The universal adhesion
properties of polyphenols have enabled polyphenols and functional biomolecules, including
proteins, DNA, and mRNA, to be assembled on cell surfaces, which can endow living cells with
exogenous chemical and biological properties. For example, Fe"'-TA-based MPNs were used to
coat the surface of yeast cells, forming a cell-in-shell structure (Fig. 23a—c).>>> This artificial
shell with an average thickness of ~10 nm was generated within 10 s and served as a protective
layer against harmful environments such as UV-C irradiation, lytic enzymes, and silver
nanoparticles. Interestingly, cell division was suppressed by the Fe''-TA shell and could be fully
recovered upon disassembly of the MPN shell under mild conditions.*** Moreover, Fe'-TA
MPNs could be used to incorporate magnetic nanoparticles and DNA into the MPN shells for
cells.>*” Different living cells, including yeast, bacteria, and mammalian cells were compatible
with MPN coating, which protected the cells from external aggressors including reactive oxygen
damage and UV light irradiation. RBCs have also been coated with polyphenols, which act as
immunoprotective shells to shield the immune-provoking epitopes on the surfaces of RBCs.?3-3%
For example, Fe'"-TA-based MPN shells (20 nm) effectively attenuated the antibody-mediated
agglutination of RBCs without disturbing oxygen diffusion or hemoglobin function (Fig.
23d-).>* This strategy could potentially help to tackle blood-type mismatch problems,
contributing to the development of universal blood for blood transfusion.

Recently, polyphenol-enabled single-cell encapsulation was developed for immunotherapy and
cell-based therapy. Specifically, a personalized tumor microparticle vaccine was engineered by

coating AI"-EGCG MPNs onto individual living tumor cells, followed by inactivation of the
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cells by hypotonic treatment.**® The microparticle vaccine contained tumor cell lysate with
around 98% of the proteins from the cell encapsulated, which is a high antigen loading capacity.
The MPN coordination complexes enabled the pH-dependent protein release upon cellular
uptake. Moreover, the MPN shells protected antigens from degradation in vivo, enhanced the
uptake efficiency of antigens by DCs, and extended the retention time of antigens in the lymph
nodes. DCs were activated by the microparticles, followed by the enhanced expression of
co-stimulation markers and Thl-related cytokines. The universality of this strategy was further
demonstrated using five types of mouse tumor cells and one type of human tumor cells.
Moreover, additional cellular functions could be achieved by incorporating bioactive molecules
on cellular surfaces through metal-phenolic  coordination-mediated  assembly.>®!
Polyphenol-functionalized nanocomplexes were first assembled by mixing TA with different
biomolecules including proteins, DNA, mRNA, polysaccharides, and viral carriers. Simple
mixing the nanocomplexes with living cells led to a biohybrid system with nanocomplexes
assembled on the cell surfaces, referred as “Cellnex”. This strategy was applied to a wide range
of cell types including erythrocytes, T cells, monocytes, macrophages, DCs, and natural killer
(NK) cells for potential cell-based therapies (Fig. 23g,h). For example, OVA-integrated
erythrocyte systems (OVA/Erythrocytenex) were found to enhance protein delivery to lungs
following intravenous delivery in vivo with 11-fold higher accumulation than their free protein
counterpart (Fig. 231), which could be potentially used for targeted pulmonary drug delivery.
Moreover, an immune checkpoint inhibitor (PD-L1 antibody) was integrated with macrophages
via MPNs and the obtained anti PD-Li/macrophage system demonstrated enhanced delivery of
the antibody to tumors (Fig. 23j), which in turn led to the improved efficacy of immune
checkpoint blockade therapy in vivo.®! A similar strategy was developed to prepare a
nanoparticle-based exoskeleton from abiotic materials to protect living mammalian cells from
harmful environments and endow them with new properties.’®* A range of nanoparticles
including metal-organic frameworks, mesoporous silica particles, and iron oxide nanoparticles
were coated on individual cells through TA-mediated interparticle binding. The as-prepared
hybrid cells demonstrated resistance to endogenous and exogenous stressors, including osmotic
stress, ROS, pH and UV exposure, as well as properties foreign to native cells, such as
multifluorescence, magnetism, and conductivity.

2.6 Cell membranes

Cells are complex systems consisting of interconnected subcellular machineries encapsulated by
cell membranes that separate the cells from external environments. The basic structure of a cell
membrane consists of phospholipids, embedded with proteins that serve various functions.
During the last decade, extensive attention has been directed toward the surface modification of
nanoparticles using cell membranes. This has allowed researchers to design nanoparticles
exhibiting cell-like behavior for various biomedical applications. For example, cell membranes
coated on nanoparticles can generate biointerfacing properties, such as enabling homologous
targeting depending on the source cells. In addition, cell membranes on nanoparticles can inherit
antigenic diversity from the source cell, enabling the particles to evade clearance by the immune

25



system, which in turn prolongs the circulation of the particles.*®> This section summarizes the
main types of cell membranes that are currently being applied for the surface functionalization of
nanoparticles.

2.6.1 Red blood cell membrane-coated nanoparticles. As the most abundant cells in blood,
RBCs function as oxygen carriers.’®* Given that the self-recognition of homologous RBCs is
achieved by a variety of molecules residing on the RBC membrane,’®® RBC membranes can be
used to prolong the blood circulation of RBC-coated nanoparticles by avoiding clearance by the
immune system (Fig. 24a).2°37° RBC membrane shells have also been shown to adsorb various
pore-forming toxins (PFTs) (Fig. 24b).>’! Accordingly, RBC membrane-coated nanoparticles can
exhibit effective virulence neutralization of PFTs via spontaneous particle entrapment (Fig. 24c),
thereby contributing toward the immunogenicity and efficacy of toxoid vaccines.*’”> When
serving as antigen carriers in immunotherapies, RBC membranes can prevent antigens from
clearance by blood, deliver the antigens to the targeted site (depending on the ligands on the
RBC membranes), and present them to immune cells after phagocytosis by antigen-presenting
cells.’”37  To further improve the fabrication process of RBC membrane-capped
nanoparticles,’’® a microfluidic electroporation process was used. This method provided a
more-complete cell membrane coating with enhanced treatment effects compared to
conventional extrusion,’’® suggesting that the combination of microfluidic electroporation and
RBC membrane-coated nanoparticles could be used in future cancer therapies.

2.6.2 Platelet membrane-coated nanoparticles. PLTs are small, colorless cell fragments that
form clots and stop or prevent bleeding once blood vessels are broken. They are implicated in
hemostasis and arterial thrombosis, as well as other physiological and pathophysiological
processes such as immune evasion,’’*’® sub-endothelium adhesion,’”***° and pathogen
interactions.*”*8! In addition to displaying selective adhesion to the vasculature and enhanced
binding to PLT-adhering pathogens, PLT membrane-coated nanoparticles have demonstrated
decreased cellular uptake by macrophage-like cells and the disappearance of particle-induced
complement activation in autologous human plasma (Fig. 25a).%? In patients diagnosed with
cancer, PLTs can interact with tumor cells and play an important role in tumor metastasis.*®* This
phenomenon has attracted interest in using PLT membrane-cloaked nanoparticles for targeted
cancer therapies (Fig. 25b).%* Moreover, a biological coating method fusing membrane from
both RBCs and PLTs has led to the generation of particles with properties from both source cells
(Fig. 25¢).>® This strategy opens the door for hybrid cell membrane-cloaked nanoparticles
combining the strength of various cell types in advanced therapies.

2.6.3 Leukocyte membrane-coated nanoparticles. Leukocytes (also known as white blood
cells) are the largest blood cells with diameters ranging from 7 pm (small lymphocytes) to 20 um
(monocytes). Unlike RBCs, they are nucleated and independently motile. They can defend the
body against infection and disease through several mechanisms: (1) ingesting foreign materials
and cellular debris; (2) destroying infectious agents and cancer cells; and (3) producing
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antibodies. It has been asserted that leukocytes have the potential to be employed as carriers for
targeted treatment. For example, the innate inflammation-directed chemotactic ability of
macrophages can drive leukocyte membrane-coated nanoparticles to accumulate in chronic
inflammatory tumor tissues, offering promise for targeted chemotherapy.’®® Because
macrophages can actively bind to metastatic cancer cells via interactions between the o4
integrins of the macrophage and the vascular cell adhesion molecule-1 of cancer cells,*®"*%? it
was shown than macrophage membrane decoration increased cellular uptake of coated emtansine
liposomes in metastatic breast cancer cells and exerted inhibitory effects on cell viability (Fig.
26a).>> While eliciting tumor-specific immune responses by targeting cancer cells, coatings
obtained from membranes of NK cells can induce pro-inflammatory M]1-macrophage
polarization to generate cell-membrane immunotherapy and provide a cell-membrane immune
inducer for stimulating the immune system during tumor immunotherapy (Fig. 26b).*** The
natural adhesion of CD4" T cell membranes and gp120 proteins on HIV can lead to the inhibition
of gpl20-induced killing of bystander T cells (Fig. 26¢), leading to T-cell-mimicking
nanoparticles effective against HIV infection.>>> Neutrophil membrane-coated nanoparticles can
neutralize pro-inflammatory cytokines, suppress synovial inflammation, target deep into the
cartilage matrix, and provide strong chondroprotection against joint damage, demonstrating their
potential as an anti-inflammatory platform for RA management (Fig. 26d).’*® Altogether, these
results imply that the dual functions (targeting ability and immune regulation) of leukocyte
membrane coatings can be a potent strategy for targeted immunotherapies.

2.6.4 Cancer cell membrane-coated nanoparticles. In the modern age of precision medicine,
the application of cancer cell membrane (CCM)-cloaked nanoparticles has been widely pursued
for the targeted treatment of solid tumors based on the strong adhesion between homotypic tumor
cells.**” This intercellular homologous binding ability based on membrane proteins can be used
to modify the surface of nanoparticles to provide them with antigens from the source of tumor
cells, which can be recognized by the immune system to elicit immunogenicity against the tumor,
also referred to as “cancer vaccination” (Fig. 27a).3*%%! For instance, a CCM-coated PLGA
nanoparticle loaded with toll-like receptor 7 agonist showed enhanced uptake by
antigen-presenting cells, which were then stimulated to maturation status to trigger an antitumor
immune response (Fig. 27b).3*® Owing to the high inter-heterogeneity of cancers among different
individuals, the isolation of CCMs from the specific tumor mass can contribute to a more
efficient fusion between nanoparticles and the targeted tumor (Fig. 27c),!*4>%7 which allows for
a more personalized therapy for individuals. Moreover, the immune-evading properties inherited
from the source cancer cells can stabilize and prolong the circulation of CCM-coated
nanoparticles, thus promoting their ability to reach the target site (Fig. 27d).!*4%

2.7 Exosome-based nanoparticles

Exosomes are nanostructured extracellular vesicles (40—120 nm in diameter) secreted by most
cell types.*®40? Exosomes contain a large number of proteins, coding/non-coding RNAs, and
lipids that reflect their original cell sources and transfer different cellular information to
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neighboring cells or even to distant tissues (Fig. 28).41%#!® Exosomes themselves have
demonstrated therapeutic potential depending on the their inner contents.*'”#*?> As an ideal
nanostructured carrier, exosomes are characterized by several features, including high stability
under  physiological  conditions, = nonimmunogenicity, = nontoxicity, @ and  high
biocompatibility.***?> Additionally, their size allows them to escape from the mononuclear
phagocyte system and they can diffuse into tumors passively via the enhanced permeability and
retention effect.*?® Moreover, the phospholipid bilayer of exosomes can directly fuse with plasma
membranes to enhance cellular uptake.*”” Exosomes contain a series of cell-specific
transmembrane proteins, such as a- and B-chains of integrins, immunoglobulin-family members,
and cell surface peptidases. These membrane proteins provide exosomes with the ability to target
cells and facilitate intercellular communication.*?8

2.7.1 Exosomes derived from mesenchymal stem cells. Exosomes derived from mesenchymal
stem cells (MSCs) can function as an extension of the biological role of MSCs as tissue stromal
support cells, which provides a rationale for the therapeutic efficacy of MSC exosomes for tissue
regeneration in a wide spectrum of diseases (Fig. 29a,b).**°**> Consistent with the function of
their parent cells, MSC exosomes can help maintain tissue homeostasis for optimal tissue
function and target housekeeping biological processes that operate ubiquitously in all tissues.
This is critical in maintaining tissue homeostasis, enabling cells to recover critical cellular
functions, and initiate repair and regeneration processes.**>

2.7.2 Exosomes derived from cancer cells. Cancer cells can be targeted by their own exosomes,
which can influence cancer progression and the microenvironment within the tumor.***4% This
phenomenon has inspired the use of cancer-derived exomes as potential carriers for the targeted
delivery of antitumor agents.****** For example, exosome-sheathed DOX-loaded porous silicon
nanoparticles were generated by exocytosis DOX from tumor cells.*** These particles exhibited
enhanced tumor accumulation, extravasation from blood vessels, and penetration into deep tumor
parenchyma following intravenous administration (Fig. 30a).*** To overcome the resistance of
therapy caused by tumor hypoxia, exosomes isolated from hypoxic tumor cells have been used
for cancer therapy, as they are preferentially taken up by hypoxic tumor cells (Fig. 30b).#3

2.7.3 Exosomes from other sources. To achieve the controllable and reversible loading and
delivery of therapeutic proteins,*® an optogenetically engineered exosome was created by
integrating a reversible protein—protein interaction module controlled by blue light with the
endogenous process of exosome biogenesis. This engineered exosome could successfully deliver
soluble proteins into the cytosol via controlled, reversible protein—protein interactions (Fig. 31a).
By anchoring superparamagnetic nanoparticles onto reticulocyte (RTC)-derived exosomes (Fig.
31b), the magnetization of RTC exosomes could be increased in a controllable manner while
retaining their superparamagnetic characteristics.*® Such a strategy could separate exosomes
from blood efficiently and provide RTC exosome nanoparticles with robust targeting.**! For
example, the macrophage-derived exosome nanoparticles (Fig. 31c) not only targeted
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macrophages recruited in tumor tissues but also functioned as an “invisible cloak™ for the
incorporated cargo, diminishing clearance by the mononuclear phagocyte system, as well as
reducing the toxicity and immunogenicity induced by the loaded cargo.**>**3 In addition,
exosomes derived from macrophages or embryonic stem cells (Fig. 31d) have been used in the
treatment of diseases of the central nervous system, such as Parkinson’s disease*!'*** and
glioma,**#¢ as these types of exosomes have been shown to be able to cross the blood—brain

barrier and selectively be taken up by brain microglial cells, the resident macrophages of the
brain.*’

3. Cross-comparisons and functional roles

It is a significant challenge to establish a framework for predicting the performance and
functionality of engineered nanostructured particles composed of natural building blocks.
Predictive success lies in knowing and understanding the underlying mechanisms of a variety of
biological processes and how the properties of bio-derived compounds can be manipulated to
exploit these processes. Progress in this space will benefit not only from robust and systematic
studies of advanced therapies but also from understandings into natural building blocks and how
their unique properties can be integrated into functional roles in therapeutic particle systems.
This section summarizes the key fundamental requirements for these emerging advanced
therapies and cross-checks these requirements against the functional properties of the various
natural building blocks (e.g., molecular structure, physicochemical properties, and biological
interactions) (Fig. 32).

(1) Cell-based therapies (also termed cellular therapy, cell transplantation, or cytotherapy),
which involves the transplantation of living cells into patients for direct therapeutic activity, have
experienced remarkable success in the clinic.**!**® One of the key processes of this therapy is the
re-engineering of cells to maximize their efficacy in aiding the native cellular systems to perform
their inherent biological function, including delivering bioactive compounds in an organ-specific
manner,** targeting checkpoint pathways,*®! modulating metabolic pathways,*® and generating
cytokine-producing T cells.* Particle engineering provides an alternative and facile way to
improve therapeutic potency by integrating nanoparticles on the surface of living cells.**!#>2
Natural polyphenols have been used to form self-assembled nanoparticles with bioactive
compounds (e.g., therapeutic drugs, DNA/RNA, and antibodies) and the phenolic groups
(catechol/galloyl groups) of the bioactive nanocomplexes can form interfacial interactions with
the cell surface.’®'*3 The stimuli-responsive property of such metal-coordination networks
enables the triggered release of bioactive compounds at targeted sites, which can be honed in on
by the chemotaxis of cellular systems.

(2) Immunotherapy focuses on the modulation of the immune system, generally though four
different mechanisms: checkpoint inhibition, oncolytic virus therapy, T-cell therapy, and cancer
vaccination.> The use of particle-based systems during immunotherapy focuses on the precise
delivery of immuno-responsive compounds. Therefore, nanosystems based on proteins, lipids,
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polyphenols, and exosomes have been engineered to improve the targeting and infiltration of
immunomodulatory payloads into tissues and cells.***° Moreover, polysaccharides or
engineered fusogenic proteins can provide additional targeting abilities to the nanoparticles.*®
The immune response can be further enhanced by the presentation of antigens generated by
adjuvant therapy.**>*7 For instance, PDA-based nanoparticles can function as PTT agents
coupled with the co-delivery of immunomodulatory payloads.*®

(3) Particle-based gene therapy primarily focuses on the targeted delivery of nucleic acids into
cells for the purpose of altering the course of a medical condition or disease through the
modulation of gene regulation and expression processes. A variety of natural building blocks
have been explored to form nanocarriers to conjugate or encapsulate DNA/RNA.** Enhanced
tumor accumulation can be achieved through the incorporation of antibodies or polysaccharides
on the engineered nanoparticles or inclusion of the desired protein sequence into the host cells of
exosomes.* In addition, the use of biomimetic nanoplatforms involving the integration of cell
membranes on solid nanoparticles or DNA nanoparticles has been shown to be an emerging
strategy for genetic cargo delivery. Increasing the intracellular delivery of nucleic acids and
enhancing their gene expression in cellular translation systems are crucial for future efforts.*®!

(4) Active targeted therapy mainly uses nanoparticles engineered with bioactive ligands or
unique molecular structures that interact with specific cell lines or tissue. Proteins,*¢?
polysaccharides,*®® and the fusogenic proteins of exosomes can readily provide this active
targeting ability.*** In addition, nanostructuring therapeutic cargo is a requirement to achieve
prolonged circulation time and tissue penetration.*®> Therefore, nanosystems constructed from
lipids, catecholamines, polyphenols, cell membrane-coated nanoparticles, and exosomes have
been demonstrated to be efficacious in targeted therapy.

(5) The conversion of light energy into either heat (i.e., PTT) or sound energy (i.e., PAI)
through energy-converting materials or molecules has been shown as an effective method for the
treatment and diagnosis of cancer.*®® Bio-derived compounds, including proteins, lipids, PDA (a
common catecholamine molecule), and polyphenols, have been used to engineer nanocarriers
owing to their ability to construct self-assembled nanostructures with the loading or self-forming
of light energy transduction domains (e.g., specific molecular structures or inorganic materials).
Moreover, the conjugation of antibodies and polysaccharides on a nanocarrier surface can result
in the active targeted delivery of photo-conversion agents to the pathological site.**” Notably, the
self-polymerization and metal coordination of catecholamines and polyphenols can provide
inherent sites for light adsorption and conversion without the use of inorganic or organic
nano-photothermal transduction agents.***’?> Finally, cargo loading via the intermolecular
interactions of bio-derived compounds (for example, polyphenols) can enable the combination of
PTT/PAI with other therapies in cancer treatment.?’?

(6) Combination therapy is considered successful when it can produce better therapeutic
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responses simultaneously than the individual treatments by themselves. Though a growing
number of clinical trials (more than 10,000) and even more preclinical-research articles focus on
combination therapies, it is unclear what strategies are best for selecting candidates for
combination therapies and deciding how particle-based nanosystems can facilitate the success of
such combination therapies.*”*> The following discussion focuses on the second question in which
natural building blocks can contribute to both the nanostructuring process and the combination
therapies. Most natural building blocks (for example, polyphenols) are recognized as safe and
biocompatible materials for biomedical applications and thus they can be used for the
construction of nanostructured particles.*’* In addition, the use of natural building blocks can
bring additional complexity to the biological response as most bio-derived compounds are
biologically active.*’> Recent studies have shown that nanostructured particle systems engineered
from proteins, dopamine (and other small molecule catecholamines), polyphenols, and exosomes
can act as multifunctional platforms for the loading of mono-therapeutic cargo (e.g.,
chemotherapy, immunotherapy) and for the integration of different therapies, including
chemo-immunotherapy,*’¢ photo-chemotherapy,*”’ radio-immunotherapy,*’® and
photo-immunotherapy.*”

4. Design principles

Design principles for engineering natural building blocks into particles, along with viable
near-term investigation strategies, to further improve their utility in biomedicine are discussed
below (Fig. 33).

(1) Engineering particles with a hierarchical range of sizes can provide critical accessibility to
the targeted sites and enhance their interplay with multiscale biological systems. Specifically,
nanoscale materials can improve the targeting (mainly due to the prolonged circulation) and
infiltration of therapeutic payloads into tissues and cells. Moreover, the assembly of
nanostructured particles into microscale materials can facilitate cell-mediated transport and serve
as a type of artificial antigen-presenting cell. In addition,, assembling macroscale materials out of
nanostructured particles can result in artificial microenvironments to promote cell infiltration and
reprogramming.*®® For example, the assembly of chemokine-encapsulating nanoparticles onto
erythrocytes enabled lung targeting, leading to the infiltration of effector immune cells into the
lungs for cancer immunotherapy.*!

(2) Nanoparticles that intrinsically activate or suppress the immune system can be a viable step
toward establishing a set of design principles for future immunotherapies. For instance, the
immunological enhancement properties of some natural building blocks (e.g., chicoric acid) can
provide synergetic effects for immunotherapy when incorporated into particles.**? Manganese
porphyrin can facilitate chloride transport and induce immunogenic cell death.*®® Incorporating
self-assembled porphyrin nanoparticles can regulate ion transportation in cells. Therefore, the
assessment of biological activities of the natural building blocks themselves needs to be
considered during particle design.
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(3) An understanding of the biological processes involved in the different emerging therapies
can provide valuable information on the structural and functional requirements for particle
design. For example, the intravascular trek of nanoparticles within the blood circulation system
has been divided into stages of administration, margination, adhesion to vascular walls, and
internalization. The surface condition of the nanoparticles is directly related to their retention
time during circulation.*®* Neutral nanoparticles, as well as those with a slight negative charge,
show significantly prolonged circulating half-lives than positively charged nanoparticles. To
improve the accumulation, zwitterionic surfaces were designed for nanoparticles.*®> In terms of
internalization, the details of different pathways can assist the design of nanoparticles for
effective cellular uptake. Clathrin-coated pit-mediated endocytosis uses endocytic vesicles with a
diameter of ~100 nm, while phagocytosis has vesicles of ~200 nm.*** The existing literature and
the inherent properties of the natural building blocks can be combined into a checklist of
requirements for emerging therapies to combat challenging diseases. Overall, the establishment
of comprehensive material design principles is needed to streamline the translation of these
materials for clinical applications, while insight into the promising materials being developed
and what their individual interactions are on different biological levels are also necessary.

(4) The design of nanoparticles should consider the formation of biomolecular coronas in
relevant biological environments. Our studies have shown that human subjects will vary widely
in their responses to nanomedicines, which is largely modulated by person-specific biomolecular
coronas.”®® There is variation in the composition of biological fluids both within a subject and
between subjects. Understanding the impact of this variation upon biomolecular corona
formation on nanomaterials will guide the design of nanoparticles for specific therapies. For
example, recent studies have revealed that the accumulation of nanoparticles in the liver are due
to the enrichment of apolipoprotein E in the biomolecular coronas, which can interact with the
low-density lipoprotein receptor on hepatocytes. This suggests the potential to achieve specific
organ/tissue targeting by manipulating the composition of the corona through tuning the
molecular structure or combination of building blocks. 37488

(5) The large-scale, reproducible synthesis of nanoparticles is another requirement to consider
for successful clinical translation. The scaling process may alter the physical properties of
nanoparticles, especially the size. Nanoparticles with different sizes show different accumulation
in vivo (e.g., the uptake by antigen-presenting cells occurs with nanoparticles with sizes of ~300
nm,* whereas nanoparticles of ~20 nm in size are ideal for optimal lymph node targeting
nanovaccine**?). Furthermore, the design of nanoparticles should be compatible with upscaling
toolboxes (e.g., automated microfluidic systems).’!® A series of detailed, stepwise protocols with
accompanying video footage should facilitate the broad use and applications of nanoparticles and
allow for proper translation and industry uptake.

5. Conclusion and perspective
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The improvement of healthcare outcomes is one of the most important goals for the field of
materials science but has an associated list of challenges across different biological levels and
bio—nano interactions. Nature provides not only intriguing bio-inspired strategies for materials
science but also a versatile toolbox of building blocks for the design and engineering of new
materials. The development of nanostructured particles through the employment of bio-derived
compounds as fundamental building blocks has accelerated the progress of therapies to combat a
range of diseases. A series of advanced therapies have been emerging as new paradigms for the
management and treatment of diseases, leading to breakthroughs in preclinical and early-stage
clinical studies. One of the most successful examples is the development of lipid systems (e.g.,
liposomes). They have been studied for decades and are even presented as one of the first
FDA-approved nano-drugs with enhanced therapeutic efficacy for cancer treatment
(Doxil-PEGylated liposome loaded with DOX). More recently, lipid systems have also provided
a safe, robust, and highly effective platform for the delivery of mRNA as vaccines to combat the
COVID-19 pandemic. Some highlights of each natural building block in this review are
reiterated below.

(1) Proteins exhibit a variety of naturally occurring biological functions such as catalyzing
metabolic reactions, replicating DNA, responding to stimuli, and mediating molecule
transportation. Additionally, proteins show amphiphilicity to both drugs and solvents. These two
main aspects make proteins suitable materials for applications in vaccine delivery, active targeted
drug delivery, and cancer theranostics.

(2) As the main constituent of plant and animal cells, lipids serve as structural components of
cell membranes. Owing to features such as high loading efficiency, high biocompatibility, and
ease of preparation, the design of multifunctional lipid-based nanoparticles offers great promise
for the intracellular delivery of macromolecular biopharmaceuticals for gene therapy, mRNA
vaccine delivery (e.g., SARS-CoV-2 vaccines for the control of COVID-19 disease), and cancer
immunotherapy.*’!

(3) Polysaccharides are natural polymers and have been proven to be highly stable, nontoxic,
hydrophilic, and biodegradable. Particularly, the hydrophilic groups of polysaccharides can
interact with biological tissues in a noncovalent manner to enable high bio-adhesion. Engineered
nanoparticles based on polysaccharides and their derivatives have been used as nanocarriers for
the delivery of a range of bioactive agents for bioimaging and gene therapy, as well as adjuvants
for vaccines.

(4) Mussel-inspired dopamine and other small molecule catecholamines have the ability to
self-polymerize in alkaline conditions, leading to the nanoengineering of a range of materials,
including nanostructured thin films, capsules, and nanoparticles, for applications in drug and
gene delivery. Additionally, these materials strongly absorb light, which enables
catecholamine-based nanoparticles to function as photothermal, photodynamic, and
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photoacoustic contrast agents for advanced theranostics applications.

(5) Plant polyphenols are a class of biological building blocks that have undergone rapid
development for advanced therapies. The diverse chemical properties of polyphenols (e.g.,
metal-phenolic coordination, hydrogen bonding, covalent bonding, and hydrophobic, and
electrostatic interactions) make them a versatile class of building blocks for the construction of
nanoparticles. A range of bioactive cargos, including anticancer drugs, imaging contrast agents,
proteins, and nucleic acids, can be encapsulated into polyphenol-based nanoparticles for
chemodynamic therapy, PTT, and gene therapy. Furthermore, the inherent properties of natural
polyphenols (for example, antioxidant, antibacterial, antiviral properties) impart an additional
range of biological functions along with the therapeutic processes. More recently, the interfacial
interaction of polyphenols has facilitated the assembly of therapeutic cargos (e.g., proteins,
DNA/RNA, drug molecules) on the surfaces of cells. These polyphenol-constructed cellular
biohybrids have been used in immune checkpoint therapy and adoptive cell therapy.

(6) Exosomes are characterized by their nonimmunogenicity, nontoxicity, and high
biocompatibility. Their size also allows them to escape from the mononuclear phagocyte system
and diffuse into tumors passively via the enhanced permeability and retention effect. Moreover,
exosomes can be engineered to incorporate a series of cell-specific transmembrane proteins that
can target cells and facilitate intercellular communication. These merits have inspired researchers
to develop exosomes materials for gene therapy, theranostics multifunctional delivery,
protein-based therapy, and immunotherapy.

Although there has been significant progress of using natural building blocks for advanced
therapies, several challenges still lie ahead that require the innovative re-design of the
nanostructured particle systems. For example, the use of natural building blocks conjugated with
synthetic moieties can lead to properties originally absent from natural systems, allowing for the
emergence of collective properties beyond the individual components. Moreover, owing to recent
developments in synthetic biology, the advanced design of natural biohybrid building blocks can
be achieved. For example, synthetic biology allows the rational genetic engineering of a hybrid
protein that combines the functional domains of mussel foot proteins (Mfps) containing DOPA
and curli fiber subunit protein (CsgA). This hybrid protein could achieve biofilm formation and
underwater adhesion, thereby representing a robust, versatile, and modular material platform for
a variety of applications. The discovery and investigation of new bioactive molecules can also
expand the toolbox of building blocks for the design and engineering of nanostructured particles.
However, further experimental studies are necessary to determine whether some of the desirable
properties of bio-derived compounds can be translated into biological functions, along with how
these materials can be used to address the current challenges in advanced therapies. Notably,
substantial effort is required to deepen the understanding of the bio—nano interactions, especially
with consideration of the participation of the immune system and how it can cooperate with the
inherent biological processes to treat diseases (e.g., material-assisted immunotherapy) and lower
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unpredictable immunogenic responses to materials in complex biological system. Some
suggestions, which involve an interdisciplinary approach, are given below to the development of
nanostructured particles from natural building blocks for emerging advanced therapeutic
applications (Fig. 34).

(1) The orthogonal design of natural-derived building blocks: Synthetic strategies can endow
natural building blocks, and the resultant nanostructured particles, with properties outside the
scope of nature such as light or magnetic responsiveness, low fouling properties, specific
molecular rigidity, redox responsiveness, and host—guest or click chemistry functionalities.
Orthogonal chemistry can integrate the success of synthetic chemistry and polymer science with
bio-derived compounds, thereby providing a versatile platform for the future rational engineering
of nanostructured particles. Some of the current challenges in emerging advanced therapies may
be addressed through the design and use of these next-generation bio-hybrid natural building
blocks.

(2) The biosynthetic engineering of advanced natural building blocks: The rational design of
natural building blocks from synthetic biology can also be another versatile avenue to improve
the functional properties of natural building blocks. Repurposing natural pathways can be a
powerful approach for the future design of functional natural building blocks. For instance, the
rational design of phenolic building blocks through the shikimic acid pathway could design new
phenolic building blocks with ideal molecular structures and functional groups for the
engineering of therapeutic nanoparticles.*?

(3) Exploring the natural building block toolbox: The further exploration of newly discovered
natural products can also provide a new avenue for the development of novel therapeutic
particles. For instance, artemisinin and its semi-synthetic derivatives are a group of drugs used
against malaria.**> The formation of nanostructured particles and the integration of targeting
domains can significantly improve the therapeutic outcomes (e.g., overcoming drug resistance).
However, these natural molecules typically lack functional groups to form self-assembled
nanoparticles. Therefore, more advanced particle synthesis strategies are necessary to allow
naturally bioactive molecules to form therapeutic nanoparticles.

(4) Big data evaluation of immune responses: Modulation of the immune system has been a
growing interest in a variety of promising therapeutics including adoptive cell therapy. Similarly,
antibody-based therapies are based on direct cell-mediated cytotoxicity or act as checkpoint
inhibitors to restore T cell activity. By using natural building blocks, the bioactivities of
engineered particles could potentially regulate or integrate into the pathways of the immune
system and enhance therapeutic outcomes. Therefore, the study of the immuno-regulatory
principles of natural building blocks is another key segment in the future design and
development of therapeutic particles. Currently, natural building blocks show unpredictable
properties for biological outcomes, and therefore predicting and/or controlling the immune
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response of these natural building blocks is essential for the engineering of advanced therapeutic
nanoparticles.
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Fig. 2 Application of albumin-based nanoparticles for targeted therapies. (a) Schematic
illustration of theranostics Ag>S nanoparticles synthesized through precise controlled growth in
albumin nanocages for NIR-II fluorescence/photoacoustic imaging and photothermal therapy.
Adapted from Ref * with permission from American Chemical Society. Copyright 2017. (b)
Proposed mechanism of delivery for polymer—docetaxel conjugate (Cellax) nanoparticles. The
secreted protein, acidic and rich in cysteine (SPARC; osteonectin) produced in the tumor
microenvironment binds to the surface albumin on the Cellax nanoparticles and thus traps the
particles in the tumor. Reproduced from Ref ®? with permission from Elsevier Ltd. Copyright
2015. (¢) In vivo T1-weighted MRI scans of inflamed paws in mice with collagen-induced
arthritis before and 4 h after injection of methotrexate@albumin nanoparticles. White arrows and
circles indicate changes in the whole view and the cross-section view separately. Reproduced
from Ref ®® with permission from American Chemical Society. Copyright 2019. (d) Concept of
neutrophil-mediated delivery of therapeutic bovine serum albumin (BSA) nanoparticles (NPs).
Reproduced from Ref *° with permission from American Chemical Society. Copyright 2015.
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Fig. 3 Application of ferritin-based nanoparticles for vaccination and chemo-photothermal
therapy. (a) (Left) Computational models and observed transmission electron microscopy (TEM)
images (top and bottom panels) representing octahedral two-, three- and fourfold axes of
HFt-haemagglutinin nanoparticles. Visible haemagglutinin spikes are numbered in the images.
(Right) Protection of immunized ferrets from 2007 Bris virus challenge. Challenge was
performed with 10%° 50% egg infectious dose of 2007 Bris virus through intranasal inoculation.
Virus titers in the nasal washes were determined by 50% tissue culture infectious dose (TICDso)
assay. The mean viral loads of sham control, trivalent inactivated influenza vaccine (TIV) and
haemagglutinin nanoparticles (HA-np) with standard deviation at each time point were plotted.
Reproduced from Ref # with permission from Nature Publishing Group. Copyright 2013. (b)
Schematic illustration of deep tumor-penetrated biomimetic HFt nanocages with preferential
cancer stem cell (CSC) accessibility for effective antimetastasis therapy. DBN,
1,1-Dioctadecyl-3,3,3,3-tetramethylindotri-carbocyanine iodide-loaded biomimetic nanocage;
EBN, epirubicin-loaded biomimetic nanocage; CAF, cancer-associated fibroblast; TAM,
tumor-associated macrophage. Reproduced with permission from Ref ¥. Copyright 2018, Tan et
al. Published by Wiley-VCH Verlag GmbH & Co KGaA, Weinheim. (c) Histopathology and
virus detection in the lungs of spike HFt nanoparticles (SpFN) vaccinated and unvaccinated
control rhesus macaques following SARS-CoV-2 respiratory challenge. At 7 days post-challenge,
paraffin-embedded lung parenchymal tissue sections were (I-1V) stained with hematoxylin and
eosin and (V-VIII) for immunohistochemistry. The symbols (I) show pulmonary macrophages
infiltrate. Viral antigen is seen as brown aggregates with an inset at higher magnification (20 pum)
showing peribronchiolar virus identified with arrows and arrowheads (VIII). Reproduced with
permission from Ref !9, Copyright 2021, Joyce et al. Published by the American Association for
the Advancement of Science.
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Fig. 4 Application of gelatin-based nanoparticles for photodynamic therapy and intracellular
controlled sequential release of multiple drugs. (a) Scanning electron microscopy (SEM) images
of resultant atovaquone-indocyanine green (Ato-ICG)-gelatin nanoparticles at low (I) and high
(IT) magnifications. (b) UV—vis—NIR spectra of Ato-ICG-gelatin nanoparticles before and after
the introduction of MMP-2. (a,b) Reproduced from Ref '3 with permission from WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim. Copyright 2019. (¢) Schematic illustration showing the
synthesis of gelatin@calcium phosphate nanoparticle containing both curcumin and DOX. AGIO,
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14 with permission from Elsevier Ltd. Copyright 2015.
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Fig. 6 Application of liposome-based nanoparticles for targeted and photodynamic gene
therapies. (a) (Top panel) Fusogenic porous silicon nanoparticle system (F-pSi) based on
liposomes. Schematics showing mode of action of F-pSi (I) and nanoparticle synthesis (II),
including (1) siRNA loading into the porous silicon nanoparticles and entrapment by
precipitation of calcium silicate; (2) coating of the nanoparticle clusters with cationic liposomes;
and (3) conjugation of targeting peptides to the liposomal exterior. TEM image of final F-pSi
constructs, showing cloudy liposomal coatings around dark and dense porous silicon-based cores
(IIT). Negative staining by 2% phosphotungstic acid. Scale bar indicates 200 nm. (Lower panel)
TEM images of Raw 264.7 murine macrophage cells after 10 min incubation with nanoparticles.
Cells treated with phosphate-buffered saline (PBS) control confirm the absence of particles (I).
Cells treated with nanoparticles containing a nonfusogenic lipid coating (II), siRNA against
transcription factor Irf5, and the macrophage-targeting peptide (NF-silRF5-CRV) display
evidence of pinocytotic uptake (as indicated by the arrowheads); inset shows particles localized
in vesicles (endosome/lysosome). Cells treated with nanoparticles containing fusogenic lipid
coating, siRNA against transcription factor IRFS5, and the macrophage-targeting peptide
(F-siIRF5-CRV) become localized in the cell cytoplasm (III). Scale bar represents 20 pum.
Reproduced with permission from Ref !, Copyright 2018, Kim et al. Published by Nature
Publishing Group. (b) Calcein release profiles from liposomes under (left) 360 nm irradiation
and (right) X-ray radiation. VP, verteporfin. Error bars show standard deviations from four
measurements. Reproduced with permission from Ref '8, Copyright 2018, Deng et al. Published
by Nature Publishing Group. (c) Flow cytometry plots and quantification of cellular
PEG-liposome or Tf-liposome nanoparticles signal in U87MG and GL261 cells. Reproduced
with permission from Ref '?!. Copyright 2018, Lam et al. Published by Nature Publishing Group.
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Fig. 7 Application of lipid nanoparticles for mRNA vaccine and gene therapies. (a) Structure of a
typical lipid nanoparticle formulation: the cartoon scheme (left) highlights key components of a
lipid nanoparticle with payload and how they contribute to its structure and function and a
representative cryogenic-TEM image of LNPs with mRNA cargo. Reproduced from Ref !*® with
permission from Elsevier Ltd. Copyright 2021. (b) LNPs co-formulated with both RNAs (siRNA
+ mRNA) induced higher levels of gene silencing than LNPs formulated with siRNA only or
mRNA only (control) (n = 3). Reproduced from Ref '** with permission from American
Chemical Society. Copyright 2018. (c¢) Design of bioreducible lipid-like materials and negatively
supercharged protein for effective protein delivery and genome editing. Cre, Cyclization
recombination enzyme; sgRNA, single guide RNA. Reproduced from Ref '* with permission
from National Academy of Sciences of the United States of America. Copyright 2016. (d)
Real-time tracking of the PEG-lipid/gold nanoclusters/Cas9 protein/sgPlk1 plasmid nanoparticles
(LGCP) incubated with A375 cells for 24 h. (The white circles in the images indicate the
distribution of Cas9 proteins and sgPlk1 plasmids within the cells at various time points, the cells
highlighted by the white circles also display cellular division with the simultaneous separation of
the internalized LGCP.) The A375 cells were incubated with LGCP for 0.5 h, stained with
Hoechst 33342 for 15 min. Blue: cell nucleus; Green: FITCCas9 protein; Red: Cy3-sgPlkl
plasmid. Reproduced with permission from Ref 43, Copyright 2017, Wang et al. Published by
Wiley-VCH Verlag GmbH & Co KGaA, Weinheim.
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Fig. 8 Application of SLNs for targeted radiation and gene therapies. (a) Mice bearing
GL261-Fluc tumors were irradiated (or not as control) and 3 days later received retro-orbital
administration of f(SLN)-iRGD:Cy5.5 or PBS control. Twenty-four hours postinjection, brains
were removed and imaged ex vivo for Cy5.5. Reproduced from Ref !°* with permission from
American Chemical Society. Copyright 2019. (b) Schematic illustration of the formation of
cSLN/siRNA complex by electrostatic interactions between positively charged ¢SLN and
negatively charged siRNA. DC-Chol, 3B-[N-(N',N'-dimethylaminoethane)carbamoyl]cholesterol;
DOPE, L-a-dioleoyl phosphatidylethanolamine; DSPE-PEG 2k,
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy  polyethylene  glycol)-2000].
Adapted from Ref '*° with permission form Elsevier Ltd. Copyright 2013.
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Fig. 9 Application of CS-based nanoparticles for targeted therapies. (a) Schematic representation
of antibody immobilization process on the chitosan injectable microparticles. The carboxyl group
in the antibody is activated with carbodiimide to form an active ester group that spontaneously
reacts with primary amines in the CS particles to form an amide bond. Reproduced from Ref !
with permission from Wiley-VCH Verlag GmbH & Co KGaA, Weinheim. Copyright 2014. (b)
Mechanism of CS nanoparticles used for targeted drug delivery. (c) Schematic representation of
a T-shaped microfluidic device, which is used to hydrodynamically focus flow of
hydrophobically modified chitosan using a sheath flow of water at basic pH. Inset is a
fluorescence image of Rhodamine B hydrodynamically focused with fluorescein sodium streams
(scale bar 100 um). (c) Reproduced from Ref '®® with permission from Wiley-VCH Verlag
GmbH & Co KGaA, Weinheim. Copyright 2014. (d) Formation of siRNA-CS nanoparticles.
Adapted from Ref !7® with permission from Elsevier Ltd. Copyright 2015.
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Fig. 10 Application of HA-based nanoparticles for targeted drug delivery. (a) Illustration of the
in vivo biodistribution of HA-based nanosystems. Reproduced from Ref !’7 with permission from
Elsevier Ltd. Copyright 2016. (b) Stability of HA nanoparticles (HA NPs) against hyaluronidase
1 (HYAL1) degradation observed by TEM. Reproduced from Ref 83 with permission from
Wiley-VCH Verlag GmbH & Co KGaA, Weinheim. Copyright 2020. (c) synthesis of
catalase-encapsulated hyaluronic-acid-based (HA-CAT) nanoparticles for Ce6 delivery during
photodynamic therapy. CD, B-cyclodextrin; Ada, adamantane; HA-CAT@Ce6, Ce6 encapsulated
within HA-CAT nanoparticles. Reproduced from Ref '°! with permission from American
Chemical Society. Copyright 2019.
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Fig. 11 Application of dextran-based nanoparticles for adoptive cancer immunotherapy and
targeted drug delivery. (a) (Top panel) Schematic of nanoscale artificial antigen-presenting cells
(nano-aAPC) synthesis by coupling major histocompatibility complex-immunoglobulin
(MHC-Ig) dimers and co-stimulatory anti-CD28 to iron—dextran nanoparticles. (Lower panel) A
magnetic field was used to drive aggregation of paramagnetic nano-aAPC, resulting in a
doubling of T cell receptor (TCR) cluster size and increased T cell expansion in vitro and after
adoptive transfer in vivo. Reproduced from Ref !'°> with permission from American Chemical
Society. Copyright 2014. (b) Schematic illustration of dextran nanoparticles as nanocarriers for
targeted RA therapy. MTX, methotrexate. Reproduced from Ref !°° with permission from
Elsevier Ltd. Copyright 2017. (c¢) Representative tissue slices showing that
RBC-nanoparticles/NR2B9C and stroke homing peptide (SHp)-RBC-nanoparticles/NR2BIC
with a dextran shell can significantly reduce the infarct volume; the arrows indicate the infarct
region. MCAO, middle cerebral artery occlusion. Reproduced from Ref 2°! with permission from
American Chemical Society. Copyright 2018. (d) Schematic illustration of the procedure to
prepare a novel nanohybrid based on porous silicon (PSi), gold nanoparticles (Au NPs) and
AcDEX by microfluidics. Reproduced from Ref 2** with permission from Wiley-VCH Verlag
GmbH & Co KGaA, Weinheim. Copyright 2017.
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Fig. 13 PDA nanoparticles for photothermal therapy. (a) SEM image of self-assembled PDA
nanoparticles. (b) In vitro experiment showing the photothermal effect of PDA nanoparticles.
After incubation with PDA nanoparticles and NIR laser treatment (in the red circle), 4T1 cell
were killed. (c) In vivo MRI imaging showing Gd-labeled PDA nanoparticles were accumulated
in tumor after intravenous injection. (a—c) Reproduced from Ref 2! with permission from
Wiley-VCH Verlag GmbH & Co KGaA, Weinheim. Copyright 2013. (d) Changes in the
temperature of the brains of rats following injection with PBS or PDA nanoparticles and NIR
irradiation. (e,f) photographs and MRI scanning of brain sections of rats treated with PDA or
PBS with or without NIR. (d—f) Reproduced from Ref ?*! with permission from American
Chemical Society. Copyright 2020. (g,h) Temperature increase of neuron-like cells (SH-SYS5Y)
during NIR irradiation without (Control) or with PDA nanoparticles. (g,h) Reproduced from Ref
252 with permission from American Chemical Society. Copyright 2020.
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Fig. 14 PDA nanoparticles for immune therapy. (a) Illustration of the mechanism of
photothermal immunotherapy using adjuvant-loaded PDA nanoparticles. Anti-PD-L1
antibody-functionalized PDA nanoparticles can target tumor cells. Upon NIR irradiation, the heat
generated by the PDA nanoparticles kills tumor cells and promotes the phagocytosis of tumor
cells by DCs. Subsequently, the mature DCs facilitate the differentiation of naive T cells to
antitumor cytotoxic T cells. (b) TEM images showing the phagocytosis of tumor cells by DCs.
Scale bar: 2 um. (c) Enlarged images of the corresponding blue-lined box areas in (b). Scale bar:
200 nm. (a—c) Reproduced from Ref 2% with permission from American Chemical Society.
Copyright 2019. (d) Lymph node draining of PDA nanoparticles. Scheme of injection site and
stereomicroscopy images of lymph nodes isolated at different time points (n = 3) after PDA
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nanoparticle injection. (d) Reproduced from Ref 2°!

Copyright 2020.

with permission form Elsevier Ltd.
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Fig. 15 PDA-coated nanoparticles for controlled drug release. (a) Illustration of PDA coating on

gold nanorods (GNRs) that allows the loading of cisplatin and the conjugation of PEG linkers. (b)
TEM images of GNRs after PDA coating. (c) Characterization of cisplatin loading on GNRs.

TEM image (I), element mappings of Au (II) and Pt (III) of cisplatin-loaded PDA-coated GNRs

(Pt-PDA@GNRs). (d) Release profiles of cisplatin from Pt-PDA@GNRs at different pHs. (a—d)

Adapted from Ref 2% with permission from American Chemical Society. Copyright 2016. (e)

TEM images and (f) hydrodynamic diameter distributions of PDA-coated

NH4HCOs-encapsulated DOX nanoparticles (DNPs/N@PDA) before and after NIR irradiation.

(g) Fluorescence intensity of DOX in tumors and major organs after 24 h intravenous injection of
DOX nanoparticles (DNPs) or DNPs/N@PDA in mice. (e—g) Reproduced with permission from

Ref 2!, Copyright 2018 Li et al. Published by Wiley-VCH Verlag GmbH & Co KGaA,

Weinheim.
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Fig. 16 PDA capsules for controlled drug delivery and cancer chemo-phototherapy. (a) PDA
capsules loaded with magnetic Fe3O4 nanoparticle (I, II), fluorescent quantum dots (III, 1V),
hydrophobic drug thiocoraline (V, VI). (a) Reproduced from Ref 2%2 with permission from
Wiley-VCH Verlag GmbH & Co KGaA, Weinheim. Copyright 2010. (b) Illustration of the DOX
conjugation on PDA capsules through a pH-labile linker (red dots represent DOX). (c) DOX
release profiles from DOX-loaded PDA capsules at pH 5.0, 6.0, and 7.4. (d) Cytotoxicity of
DOX-loaded PDA capsules to HeLa cells, relative to free DOX, as a function of drug
concentration. (¢) Representative deconvolution images of HeLa cells after 24 h incubation with
DOX-loaded PDA capsules. Blue, red, and green fluorescence represent stained cell nuclei (I),
DOX (II), and AF488-labeled PDA capsules (III), respectively. A merged image of all three
fluorescence images is shown in IV. (b—e) Reproduced from Ref ?** with permission from
American Chemical Society. Copyright 2012. (f) Infrared thermal images of tumor-bearing mice
injected with PBS, PDA capsules (PDAC), PDA solid particles (PDAP), and DOX-loaded PDA
capsules (PDA-DOX) at different time points following NIR irradiation. (g) Temperature
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changes of tumors measured by an infrared thermal camera in different sample groups under NIR
irradiation. (h) Relative tumor volumes in mice after different treatments without or with laser
irradiation (indicated as L). (f-h) Reproduced from Ref ?*¢ with permission from American
Chemical Society. Copyright 2017.
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Fig. 17 PDA-enabled single cell encapsulation. (a) Illustration of PDA coating on yeast cells; the
thickness of the PDA film can be increased by performing multiple coating steps. (b,c) Confocal
microscopy images showing native yeasts (b) and PDA-coated yeasts (c¢). (d) TEM image
showing a microtome-sliced PDA-coated yeast cell. (e-g) magnified TEM images of native yeast
(e), PDA-coated yeast (f), and double PDA-coated yeast (g). Reproduced from Ref 2%7 with
permission from American Chemical Society. Copyright 2011.

55



(a)

||| TA

Various \ [

Substrates r
‘Rapld ‘

Coating 300 400 500 600 700

Absorbance

n

N — on Q Q Q

Mono-complex Bis-complex Tris-complex
(pPH<2) (3<pH<6) (pH>7)

Fig. 18 (a) Illustration of MPN assembly by coating TA-Fe coordination complexes on various
substrates. (b) UV absorbance spectra and photograph of MPN capsule dispersions at various pH.
(c) pH-Dependent transition of TA—Fe coordination complexes. Reproduced from Ref 3!* with
permission from American Association for the Advancement of Science. Copyright 2013.
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Fig. 19 Self-assembled MPN nanoparticles for medical imaging, controlled drug release, and
synergistic chemotherapy. (a) Assembly of MPN nanoparticles using natural polyphenol, BTZ,
and iron(III). (b) pH-Dependent BTZ release profile from MPN nanoparticles. (c) Viability of
MDA-MB-231 cells after treatment with BTZ-loaded MPN nanoparticles at different pH for 48 h.
(d) In vitro Ti-weighted MRI scan of MPN nanoparticle suspension as a function of iron(III)
concentration (mM). (e) In vivo Ti-weighted MRI images showing tumor accumulation of MPN
nanoparticles (indicated by the red circle) after intravenous injection in mice. (a—e) Reproduced
from Ref **° with permission from American Chemical Society. Copyright 2018. (f) Green tea
polyphenol-based assembly of Sm"-EGCG nanoparticles. (g) SEM imaging of Sm'"-EGCG
nanoparticles. Scale bar is 100 nm. (h) Fluorescence microscopy image showing mitochondria
membrane dysfunction of B16F10 cells after treatment with Sm"-EGCG nanoparticles. The
change of mitochondria membrane potential was detected by MitoTracker (red) probe. Scale bars
are 20 and 10 um in inset. (i) Apoptosis of BI6F10 cells after 24 h incubation with Sm"'-EGCG
nanoparticles at different particle concentrations. (f-i) Reproduced with permission from Ref 2%,
Copyright 2019 Li et al. Published by Wiley-VCH Verlag GmbH & Co KGaA, Weinheim.
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Fig. 20 Bio—nano interactions modulated by MPN coatings on nanoparticles. (a) Schematic
illustration and fluorescence microscopy images (insets) of endosomal escape of bare and
MPN-coated nanoparticles. Reproduced from Ref *** with permission from American Chemical
Society. Copyright 2019. (b) Cell targeting of MPN-coated gold nanoparticles with
surface-adsorbed antibodies. (c) Illustration of the specific antibody orientation mediated by
MPN coatings. (d) TEM image of antibody-immobilized MPN-coated gold nanoparticles. (b—d)
Reproduced from Ref **¢ with permission from American Chemical Society. Copyright 2020.
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Fig. 21 Engineering multifunctional MPN capsules for medical imaging and controlled drug
delivery. (a) TEM image of Cu'-TA capsules. (b) Energy-dispersive X-ray spectroscopy
elemental mapping of Cu'-TA, AI""-TA, Zr'V-TA capsules. Scale bars are 2 pm and 200 nm
(inset) in (a) and 1 um in (b). (c) pH-Dependent disassembly profiles of Cu'-TA, AI"-TA,
Zr'V-TA capsules. (d) MRI phantom images of Mn''-TA capsules immobilized in agarose gel. (e)
PET/computed tomography scan of an in vivo mice model 30 min after intravenous injection of
84Cu''-TA capsule suspension. (a—e) Reproduced from Ref '® with permission from Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim. Copyright 2014. (f) Schematic representation of
microbubbles generated by Fe!'-TA replica particles (RPs) to probe H202 in vivo by ultrasound
imaging. (f) Reproduced from Ref **! with permission from Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim. Copyright 2015. (g) Deconvolution microscopy images of intracellular
delivery of DOX-loaded AI"'-TA capsules in MDA-MB-231 cells (top) and HeLa cells (bottom).
Nucleus, DOX, and capsules are indicated in blue (4',6-diamidino-2-phenylindole, DAPI), red
(tetramethylrhodamine isothiocyanate, TRITC) and green (fluorescein isothiocyanate, FITC). (h)
Apoptosis rate (%) of HeLa and MDA-MB-231 cells after treatment with free DOX or
DOX-loaded AI"'-TA capsules for 24 or 48 h. (g,h) Reproduced from Ref **° with permission
from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. Copyright 2015.
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Fig. 22 Polyphenol-protein nanoparticles for targeted drug delivery. (a) Illustration of the
self-assembly of Herceptin—~EGCG nanoparticles. OEGCG, oligomerized EGCG. (b) TEM image
of Herceptin—-EGCG nanoparticles. (c) Biodistribution of free Herceptin (open bars) and
Herceptin—-EGCG nanoparticles (filled bars) in tumor and major organs at 24 h postinjection.
(a—c) Adapted from Ref ?° with permission from Nature Publishing Group. Copyright 2014. (d)
Schematic illustration of the assembly of TA-modified (TANNylated) green fluorescent protein
(GFP). (e) AFM image of TANNylated GFP in nanoscale complexes. (f) Mapping of GFP
fluorescence to show the accumulation of TANNylated GFP in heart as a function of time from
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1.5 to 120 h. (d—f) Adapted from Ref ** with permission from Nature Publishing Group.
Copyright 2018. (g) Schematic illustration of the driving forces of protein—polyphenol
interactions. (h) Disassembly percentage (%) of protein—polyphenol capsules (lysozyme (LYZ),
immunoglobulin G (IgG), hemoglobin (Hgb), glucose oxidase (GOx), cytochrome C (CYC))
after 1 h incubation with 100 mM of urea, Tween 20, or NaCl, representing the dominant
interactions between different proteins and TA. (g,h) Reproduced from Ref 3°° with permission
from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. Copyright 2020. (i) Cell viability of
MDA-MB-231 cells after 48 h incubation with free CYC, CYC-TA or IgG—TA nanoparticles at
different protein concentrations. (j) Confocal laser scanning microscopy (CLSM) imaging of a
LysoTracker colocalization assay showing the endosome escape of FITC-labeled CYC-TA
nanoparticles after 24 h incubation with HeLa cells. Scale bares are 10 um. (i,j) Reproduced
from Ref *! with permission from American Chemical Society. Copyright 2020.
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Fig. 23 Polyphenol-enabled cell engineering. (a) Schematic illustration of controlled MPN
formation and disassembly on individual yeast cells. (b) TEM images of a native yeast and
Fe''-TA-coated yeast. (c¢) CLSM image of Fe''-TA-coated yeast treated with bovine serum
albumin-Alexa Fluor 647 and fluorescein diacetate for cell viability assay. (a—c) Reproduced
from Ref ** with permission from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
Copyright 2014. (d) Photographs of native and Fe"'-TA-coated RBC suspension and pellets. (¢)
CLSM images of native and Fe'-TA-coated RBCs treated with bovine serum albumin-Alexa
Fluor 647. (f) Oxygen consumption of native and Fe'-TA-coated RBCs as a function of time.

(d—f) Reproduced from Ref *° with permission from MDPI. Copyright 2017. (g) Schematic
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illustration of the bio-functions and cross-interactions of immune cells that are used to prepare
Cellnex systems through the assembly of polyphenol-functionalized nanocomplexes on cells. (h)
Fluorescence microscopy images of six types of Cellnex systems prepared by coating
polyphenol-functionalized bovine serum albumin-Alexa Fluor 488 on mammalian cells. Scale
bars are 10 um. (i) Biodistribution of free OVA (green) and OVA/Erythrocytenex (pink) 5 min and
6 h after intravenous administration. (j) CLSM images of a representative 4T1 breast tumor
spheroid treated with Macrophagenex conjugated with polyphenol-functionalized anti-PD-L1
antibody-Alexa Fluor 488. Blue and green colors represent nucleus stain and Alexa Fluor
488-labeled anti-PD-L1 antibody, respectively. Scale bars: 50 um in (I) and (IT); and 100 and 20
pum in (III) and inset, respectively. (g—j) Reproduced from Ref ¢! with permission from
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. Copyright 2020.
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Fig. 24 Application of RBC membrane-based nanoparticles as biomimetic drug carriers. (a) (Top
panel) Schematic of preparation of FesOs@RBC. (Lower panel) Quantitative analysis of the
macrophage uptake of nanoparticles at different concentrations with an incubation time of 4 h.
Adapted from Ref 3¢ with permission from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
Copyright 2015. (b) (Top panel) Schematic structure of toxin-RBC nanosponges, which consist
of substrate-supported RBC bilayer membranes into which PFTs can incorporate. (Lower panel)
TEM visualization of nanosponges mixed with a-toxin (scale bar, 80 nm) and the magnified view
of a single toxin-absorbed nanosponge (scale bar, 20 nm). Adapted from Ref *’? with permission
from Nature Publishing Group. Copyright 2013. (c) Nanotoxoids are fabricated by inserting
PFTs into RBC membrane-coated nanoparticles, a process that neutralizes their toxicity. Adapted

from Ref #° with permission from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
Copyright 2018.
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Fig. 25 Application of PLT membrane-based nanoparticles as biomimetic drug carriers. (a) (Top
panel) PLGA nanoparticles are enclosed entirely within the plasma membrane derived from
human PLTs. The resulting particles possess PLT-mimicking properties for immunocompatibility,
subendothelium binding, and pathogen adhesion. (Lower panel) Low cytometric analysis of
nanoparticle uptake by human THP-1 macrophage-like cells ( = 3). PNP, platelet
membrane-cloaked nanoparticles. Reproduced from Ref %2 with permission from Nature
Publishing Group. Copyright 2015. (b) Representative in vivo T2-weighted MRI images of
MCF-7 tumor bearing mice before and after injection of PBS or PBS containing various
nanoparticles. Red arrows indicate the sites of tumors. MN, magnetic nanoparticle. Reproduced
from Ref % with permission from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
Copyright 2017. (c¢) Schematic of membrane fusion using both RBCs and PLTs. The resulting
fused membrane is used to coat PLGA polymeric cores to produce RBC—PLT nanoparticles. (c)
Reproduced from Ref %% with permission from Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim. Copyright 2017.
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Fig. 26 Application of leukocyte membrane-based nanoparticles as biomimetic drug carriers. (a)
Scheme of macrophage—-membrane-coated emtansine liposomes with specific metastasis
targeting for suppressing lung metastasis of breast cancer. MEL, macrophage-membrane-coated
emtansine liposome. Reproduced from Ref *** with permission from American Chemical Society.
Copyright 2016. (b) Schematic illustration of human NK cell membrane proteins inducing
M1-macrophage polarization. Reproduced from Ref 3°* with permission from American
Chemical Society. Copyright 2018. (c¢) Schematic representation of T-cell-membrane-coated
nanoparticles (TNPs) designed for attenuating HIV infectivity. TNPs were constructed by
wrapping polymeric cores with natural CD4" T cell membranes, which contain key antigens
including CD4 receptor and CCRS or CXCR4 coreceptors for viral targeting. Adapted from Ref
95 with permission from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. Copyright 2018.
(d) Schematic representation of neutrophil-nanoparticles designed for suppressing synovial
inflammation and improving joint damage in inflammatory arthritis. Neutrophil-nanoparticles
are constructed by wrapping polymeric cores in natural human neutrophil membranes, which
mimic source cells to bind to immunoregulatory molecules without potentiating the immune
cascades for disease progression. Reproduced from Ref 3¢ with permission from Nature
Publishing Group. Copyright 2018.
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Fig. 27 Application of cancer cell membrane-based nanoparticles for targeted cancer therapies. (a)
Schematic representation of cancer cell membrane-coated nanoparticle fabrication and potential
applications. Reproduced from Ref #*' with permission from American Chemical Society.
Copyright 2014. (b) Representative flow cytometry data to show DC maturation induced by
different formulations of cell membrane-coated nanoparticles. NP-R, nanoparticles are loaded
with R837; M, cancer cell membrane; M-M, cancer cell membrane modified with mannose
moiety; LPS, lipopolysaccharides. Reproduced from Ref *°® with permission from American
Chemical Society. Copyright 2018. (c) (Left, top panel) structure of a yolk—shell nanoparticle
with a mesoporous silica nanoparticle (MSN)-supported PEGylated liposome yolk and cancer
cell membrane coating (CCM@LM) for chemotherapy. (Left, lower panel) CLSM images and
corresponding colorimetric maps of CCM@LM nanoparticle distributions in MCF-7 cells; red,
nanoparticles. (Right) Schematic diagrams of the invasion pathway of CCM@LM: CCM@LM
adheres to (top panel) and enters cells by membrane fusion (middle panel); and the released
yolks gather around the nucleus after undergoing trafficking (bottom panel). Adapted from Ref
404 with permission from American Chemical Society. Copyright 2020. (d) Intracellular NIR
fluorescence intensity showing the intracellular uptake of cancer-cell-biomimetic
paclitaxel-loaded polymeric nanoparticles in 4T1 cells, WML2 cells, and RAW264.7 cells after 1
h incubation. PPNs, paclitaxel-loaded polymeric nanoparticles; LPPNs, liposome-coated PPNs;
RPPNs, RBC-membrane-coated PPN; CPPNs, cancer-cell-membrane-coated PPNs. Reproduced
from Ref '* with permission from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. Copyright
2016.
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Fig. 29 Application of exosome nanoparticles derived from MSCs for immunotherapies. (a)
Schematic representation of MSC-derived exosome nanoparticles modified with cationized
pullulan for an enhanced anti-inflammatory effect on the targeted injured liver. Reproduced from
Ref #° with permission from Elsevier Ltd. Copyright 2017. (b) Proposed underlying mechanism
of infrapatellar fat pad-derived MSC exosomes in cartilage protection. Reproduced from Ref 43
with permission from Elsevier Ltd. Copyright 2019.
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Fig. 30 Application of exosome nanoparticles derived from cancer cells for targeted cancer
therapies. (a) (Left) Schematic illustration of the preparation of doxorubicin-loaded porous
silicon exosome nanoparticles (DOX@E-PSiNPs). DOX@PSiNPs are endocytosed into cancer
cells after incubation, then localized in multivesicular bodies (MVBs) and autophagosomes.
After fusion of the MVBs or amphisomes with the cell membrane, DOX@E-PSiNPs are
exocytosed into extracellular space. CSCs, cancer stem cells. (Right) Schematics showing how
DOX@E-PSiNPs efficiently target tumor cells after intravenous injection into tumor-bearing
mice: (I) DOX@E-PSiNPs efficiently accumulate in tumor tissues; (II) DOX@E-PSiNPs
penetrate deeply into tumor parenchyma; and (III) DOX@E-PSiNPs are efficiently internalized
into bulk cancer cells and cancer stem cells to achieve high anticancer efficacy. Adapted with
permission from Ref #*. Copyright 2019, Yong et al. Published by Nature Publishing Group. (b)
(Top panel) Four different types of exosomes (generated under hypoxic or normoxic conditions,
and with or without exposure to radiation) were isolated from human breast cancer
MDA-MB-231 cells. (Lower panel) Uptake of fluorescence-labeled exosomes in hypoxic cancer
cells was quantified by fluorescence, among which the highest uptake was for exosomes released
by hypoxic cells. Con Exo, control exosome; Rad Exo, irradiated exosome; DFO Exo, hypoxic
exosome; DR Exo, irradiated hypoxic exosome. Reproduced from Ref *¢ with permission from
Elsevier Ltd. Copyright 2018,
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Fig. 31 Application of exosome nanoparticles derived from other sources for targeted therapies.
(a) Schematic diagram of exosomes for protein loading via optically reversible protein—protein
interactions (EXPLOR) technology. Reproduced with permission from Ref 4. Copyright 2016,
Yim et al. Published by Nature Publishing Group. (b) Magnetic retention of SPMN-Tf
conjugations (M-Tfs) and SMNC-exosomes in simulated blood circulation system (flow
velocities: artery, 32.85 cm s7!; vein, 14.60 cm s'; and capillary, 0.05 cm s™'); red arrows
indicate SMNC-exosomes and the black arrow indicates M-Tfs. SPMN, superparamagnetic
nanoparticles; SMNC, superparamagnetic nanoparticle cluster. M-Tfs, superparamagnetic
nanoparticle-transferrin conjugations. Reproduced from Ref **® with permission from American
Chemical Society. Copyright 2016. (c) Schematic illustration of the Pt(lau)HSA
nanoparticle-loaded macrophage exosome platform (NPs/Rex) for efficient chemotherapy of
breast cancer. HSA, human serum albumin. Reproduced from Ref #* with permission from
American Chemical Society. Copyright 2019. (d) In vivo fluorescence images of embryonic stem
cells-derived exosome-paclitaxel and the cRGD-exosome-paclitaxel at 24 and 48 h after
intravenous injection, and quantitation of fluorescence intensity by the Spectrum/computed
tomography software (n = 3). Reproduced with permission from Ref 46, Copyright 2019, Zhu et
al. Published by Wiley-VCH Verlag GmbH & Co KGaA, Weinheim.
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Fig. 32 Summary of the key functional properties of different natural building blocks and their
use in the design of advanced therapies. (I) The ability to form nanoparticles through interactions

with other therapeutic molecules or by themselves is the central property across the diagram.

Lipid-based or biomimetic cell membrane-coated nanoparticles, and exosomes are studied
extensively and widely used in nanoscale drug delivery systems. (II) Antibodies and

polysaccharides are commonly used as bioactive compounds and cellular targeting components.
(IIT) Mussel-inspired polydopamine, natural polyphenols, and other phenolics are versatile

platforms for the engineering of particles meeting the requirements of emerging advanced
therapies. (IV) Exosomes show great potential as next-generation therapies and as carriers owing

to their high tailorability in structure and biological function.
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