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The surface properties of nanoparticles affect their fate in biological systems. Based on nanotechnology
and its methodology, pioneering studies have explored the effects of chemical surface patterns on the
behavior of nanoparticles and provided many new insights into nano-bio interfaces. In this review, we
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would like to provide a summary of how the nanoparticle surface pattern modulates its biological
effects. The relationship between the surface pattern of nanoparticles and the generated interaction
with cell membranes, recognition of viruses and adsorption of proteins was discussed. On this basis, we
believe that a reasonable design of the surface microstructure will promote the application of artificial
nanoparticles in biomedicine and provide a new strategy for improving the design of nano-drug carriers.
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1. Introduction

The surface properties and patterns of nanoparticles signifi-
cantly affect their interactions with biomolecules, cells and
microorganisms.'™ Nanoparticles with a positively charged or
negatively charged surface display distinct cell uptake efficiency
and tissue distribution, while the hydrophilicity of nano-
particles also determines their blood circulation, tissue pene-
tration and protein corona adsorption.’ In most studies, the
surface chemical properties of synthetic nanoparticles are often
presumed to be homogenous. However, in nature, the biore-
cognition between biomolecules and nanostructures are
obviously more complicated compared to synthetic systems.
The surface patterns of recognition partners perfectly match
with each other with multiple interactions involved, which is
essential for the extraordinary specificity.®™

Recently, the advancement of nanofabrication methods allowed
creation of nanoparticles with heterogeneous surface patterns,
which provide opportunities for fine-tuning and a deeper under-
standing of nano-bio interactions. The engineered surface patterns
starting from “Janus” particles with two phases separated have been
further developed to multiple patches with desired geometry and
even regular strips.>'® The recent emerging DNA nanotechnology
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even enabled precise surface pattern design at pre-encoded
positions.”"™ Based on these techniques, pioneering studies have
explored how chemical surface patterns would influence the nano-
particle behavior in biological systems and provided numerous new
insights into the nano-bio interface. These findings are crucial for
promoting the biomedical applications of nanoparticles and pro-
vided new strategies to improve the design of nanocarriers.>'**¢

In this review, by merging the most recent developments in
both nanofabrication strategies to create fine surface patterns
and the biological understanding of surface pattern driving
biorecognition, we intend to provide more perspectives on how
to design surface patterns on nanoparticles to tune their
biological effects. The nanoparticles discussed herein are less
than 1 um in diameter considering their potential in nanome-
dicine, and the surface patterns refer to more than two distinct
chemical compositions regularly arranged on the particle sur-
face instead of the statistical mix. The synthetic methods will be
firstly summarized, and the relation between surface patterns
on nanoparticles and the resulting cell membrane interactions,
protein corona adsorption and virus recognition would be
further discussed in detail (Scheme 1). We believe that the
current knowledge in this field is just a prelude, and the
limitations and further potential will be particularly
deliberated.

2. Biorecognition of natural molecules
and artificial nanoparticles
2.1 Mechanism of biorecognition in nature

Accurate recognition between biological molecules is the basis
for the development of organisms. Both general and specific
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Scheme 1 Schematic illustration of the species, types of surface engi-
neering and the biological effects of nanoparticles covered in this review.
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interactions occur among many important biological macro-
molecules, including polysaccharides, proteins, enzymes, and
nucleic acids. Intercellular recognition can be achieved by
selectively combining surface molecules with the corres-
ponding active substances or signalling molecules, such as
protein ion channels, and recognition between antigens and
antibodies."”” > Macrophages recognise aging cells through
“eat me” and “don’t eat me” signalling molecules. T cells
recognise tumour cells through T cell receptors (TCR), tumour
antigens, and MHC molecules. Lipopolysaccharides (LPS)
induce inflammatory responses in immune cells by interacting
with Toll-like receptor-4 (TLR-4). Therefore, the interactions
between biological macromolecules (e.g., proteins, lipids, and
polysaccharides) provide a molecular basis for the recognition
and cognition of organisms.*'

In nature, the first step of mutual recognition between
biomolecules is the structural complementarity of the binding
sites of the two molecules, and the second is the generation of
sufficient chemical forces between the binding sites. Berger
and Milstein et al. found that conformational selection is one of
the reasons for the formation of antigen-antibody
complexes.>*>® Molecules undergoing molecular recognition
exist in the form of conformational complexes. When the ratio
of ligands bound by preferentially recognized molecular con-
formation is reduced, other molecular conformations will
change to preferentially bound molecular conformations.>*
Chemical forces are mainly van der Waals, hydrogen bond,
hydrophobic and electrostatic forces, which arise from the
interaction between various conformations.>® Additionally,
the charge will affect the recognition and binding of natural
biomolecules to a certain extent, such as homogalacturonan
(HG) with a low degree of esterification (DE) and chitosan—
chitosan with a positive charge in the spatial structure can
interact with the carboxyl groups on HG with a low DE.”’
Hydrophilicity will also have a certain impact. Common carbo-
hydrates can form a certain hydrophilic or hydrophobic region
due to their functional groups and then interact with

2358 | J Mater. Chem. B, 2022, 10, 2357-2383

View Article Online

Journal of Materials Chemistry B

biomolecules through hydrophilic forces (hydrogen bonds) or
hydrophobic forces (hydrophobic bonds). For example, Zeng
et al. found that azides, alkynes, ketones or aldehydes can
interact with glycoproteins on the cell surface.*®*® Moreover,
the interaction between biomolecules and cells also relies on
chemical forces such as hydrogen bonds and van der Waals
forces. The polysaccharides in the cell wall rely on these weak
interactions to arrange tightly, limiting the accessibility of the
antibodies to the epitopes. The charged molecules can produce
strong polar interactions with the phage, thereby affecting the
binding of the antibody to the phage capsid protein in the
phage display.>® Cell-cell interactions, such as cell fusion and
cell adhesion, are essentially the result of the regulation of cell
membranes through chemical forces. Myoblast fusion is a
multi-step process involving cell recognition and adhesion,
actin cytoskeletal rearrangements, fusogen engagement, lipid
mixing and fusion pore formation, ultimately resulting in the
integration of two fusion partners.*® This process involves the
interaction of many biological molecules such as cell adhesion
molecules, adaptor proteins, vesicle trafficking proteins and
lipids.** During the membrane fusion process, hydrophilic
lipid heads with the same charge will repel each other due to
electrostatic forces.>” Many life activities in nature are closely
related to this, such as virus infection, cell migration, vesicle
transportation, and fertilization.*®

Due to the different chemical properties and physical states
of different proteins and lipids on the membrane, based on
hydrophobic interactions, electrostatic interactions, van der
Waals forces, hydrogen bonds and hydration forces, the
membrane surface will form a variety of synergistic lipid raft-
protein structure domains (surface pattern). These surface
patterns are critically important in mediating life activities.*?
For example, cholesterol-rich lipid domains play an important
role when Francisella recognizes and infects host cells.>* The
lipid-protein pattern formed by the recruitment of the liganded
GPI (glycosylphosphatidylinositol)-anchored receptor is very
important in specific downstream signal transduction.?* The
internalization process mediated by caveolin-1 is also insepar-
able from the formation of lipid raft-related patterns.’® In
conclusion, although the mechanism of lipid domains on
membranes to mediate cell functions needs further research,
it is undeniable that the formation of these surface patterns
occupies an important position in mediating recognition,
signal transduction, pathogen invasion and other functions.

2.2 Interaction of nanoparticles with biological systems and
the effect of their surface properties

The effect of nanoparticles on biological systems is mainly
achieved through the interaction between nanoparticles and
cells. The outer interface of human cells is primarily composed
of bilayer lipid molecules with saccharides and proteins. Under
natural conditions, biological macromolecules can activate
many downstream reactions through interactions with cells,
which maintain the basic functions of living organisms. Simi-
larly, the interaction between artificial nanoparticles and cell
membranes is important for achieving specific functions of
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nanoparticles. The interaction between nanoparticles and pro-
teins results in the formation of a protein corona, which can
cause a downstream effect.>” Nanoparticles can be internalised
into cells via receptor/non-receptor-mediated pathways, in
which a variety of enzymes and proteins are activated, includ-
ing guanosine diphosphate (GDP), guanosine triphosphate
(GTP), and heat shock proteins (HSP).*® The high endocytosis
efficiency of these molecules contributes to their potential
application in drug delivery.

The surface properties of nanopatrticles play a pivotal role in their
interaction with cells. Researchers have paid much attention to the
effects and related mechanisms of the surface properties of nano-
particles on their interaction with biological systems. Krishnendu
et al. found that the formation of a protein corona is closely related
to the hydrophilicity and hydrophobicity of nanoparticles, and that
the modulation of the surface hydrophobicity of the nanoparticles
can effectively reduce the recognition of plasma proteins by
macrophages.® In addition, when interacting with a lipid bilayer
membrane, hydrophilic nanoparticles tend to be distributed outside
the membrane, while hydrophobic nanoparticles can be embedded
inside and can even cause defects on the membrane, leading to
bending, budding, or fission.*>** Surface charge also is a determin-
ing factor in the cellular uptake process of nanoparticles. Stronger
attraction exists between negatively charged membranes and posi-
tively charged nanoparticles, which can enhance the turnover and
tilt of phospholipid molecules. Therefore, in many cases, the uptake
increases with the augmenting magnitude of charges.*** Despite
this, negatively charged nanoparticles can accumulate in the serum
to a larger extent due to the relative reduction in charge-selective
filtration, which results in the drug carrier having a longer retention
time.*

Besides, the surface chemistry of nanoparticles (ligand type
and ligand distribution) is an important factor affecting their
interaction with the cell membrane. Moreover, inspired by the
natural spike patterns on virus capsids, researchers synthesize
nanoparticles with the corresponding ligand distribution, thus
facilitating the interaction with a bio-interface (e.g. higher
uptake efficiency achieved by symmetric distribution).*® Since
Janus nanoparticles contain heterogeneous regions, they can
induce unique biological reactions, which have been widely
used in drug delivery*” and biological imaging.*® Therefore,
understanding the interaction between nanoparticles and bio-
logical interfaces and the effect of the surface patterns of
nanoparticles on this interaction is of high significance for
the application of nano-drugs.

2.3 Surface engineering on nanoparticles and the biological
effect of such modifications

Nanoparticles interact in vivo with cells and biomolecules to
produce a “nano-bio interface”. This plays a key role in the
reaction of nanoparticles in biological systems. It is widely
recognised that the surface properties of nanoparticles are
closely related to the ‘“nano-bio interface”. Therefore, surface
engineering has emerged to change their surface properties.
Surface engineering refers to the use of physical and
chemical methods to change the surface chemical properties

This journal is © The Royal Society of Chemistry 2022
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of particles (functional group structure, electrical, hydrophobic,
and hydrophilic). In general, there are two main strategies for
surface engineering: ‘“top-down” and ‘bottom-up”. In the
former method, various three-dimensional structures can be
easily obtained by using etching technology, but the cost is
high, and it is difficult to directly adjust the distance between
atoms. The latter emphasises the use of smaller structural units
for assembly, such as self-assembly technology with a high
yield, and is the current trend in surface engineering. Based on
the concept of ‘“bottom-up” surface engineering, many
chemical synthesis methods have been applied to the surface
engineering of nanoparticles. The ligand-exchange method and
ligand-coating method are the two most common methods
used to change the surface chemistry. The former involves
the substitution of ligands, which can change the nanoparticles
from hydrophobic to hydrophilic, which is conducive to their
participation in human body transport.*>*® However, the latter
focuses on implementing some groups on the nanoparticle
surface. For instance, Hauck et al. assembled polyelectrolytes
on the nanorod surface in a layer-by-layer manner.”* Further-
more, the stability of nanoparticles can be maintained by
surface engineering. To avoid the arbitrary absorbance by
proteins, polyethylene glycol (PEG) is one of the best ligands
for surface decoration. Moreover, the attachment of PEG
significantly decreases the absorbance because of hydration
and steric hindrance.’® However, PEG has problems such as
low service life caused by oxidation in the biological environ-
ment and the blood clearance effect caused by the immune
system response. Zwitterionic ligands can bind water molecules
effectively via electrostatic induced hydration, and thus the
zwitterionic surface can effectively prevent protein adsorption
and avoid the dilemma of PEG. Mixed-charge monolayers have
been designed on the surface of nanoparticles by various
methods, which expand the application of zwitterionic
ligands.>*** To induce specific reactions in organisms, the
corresponding ligands can be linked by covalent or non-
covalent modifications to a desired location of the already
modified nanoparticles.’>>® Therefore, precise control of the
pre-modification of these nanoparticles is essential. A mono-
layer can also be coated on nanoparticles, contributing to stable
and multifunctional NPs because of the simultaneous use of
stable and functioning ligands.>””*® More importantly, these
methods can be used in combination to allow the nanoparticles
to respond to specific stimuli in the organism.”

Although many surface engineering methods are proposed,
it is still really challenging to create the fine pattern on
nanoparticles, which would rely on well-developed character-
ization techniques and precise control of the activities, posi-
tions and density of the functional groups.

3. Fine fabrication of surface patterns
on nanoparticles

In this review, we mainly consider AuNPs and dendritic poly-
mers as model particles to analyse how their surface patterns
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affect their interactions with cell membranes, proteins, and
viruses since they are mostly investigated at present. To form
accurate surface patterns on these nanoparticles, researchers
usually adopt (de)protection methods and precisely control the
attributes of the core and the attached ligands. At the same
time, as the modifications on emerging DNA nanomaterials are
easily regulated, we will also use them as a model to discuss the
interaction between ligands and receptors.

3.1 Construction of AuNPs with different substructures on
their surfaces

AuNPs are particles with a core of gold and a radius of
1-100 nm. For decades, many methods have been proposed
for their synthesis, and the shape® and size® of the AuNPs can
be well controlled. Currently, researchers can obtain nano-
particles of the desired size and shape.®’™®* In order to exert
biological effects, AuNPs can be modified in many ways to serve
as a platform for linking nucleic acids, proteins, and their
interactions with biological molecules or membranes, allowing
them to be used for detection and drug delivery.®>°® Sulphur-
containing groups have been vastly used in the synthesis of
gold nanoparticles because of their high affinity to gold and
their ease of modification. Since the last century, researchers
have developed various methods to synthesize gold
nanoparticles,®”*® among which the Brust-Schiffrin method,
which can easily control the size and shape of the nano-
particles, is commonly used.®*”°

Based on this, one of the most representative methods for
further surface engineering is to add a mixed self-assembled
monolayer (SAM) to a gold nanoparticle surface via (1) co-
absorption or (2) thiol-mediated ligand substitution. This pio-
neering work was conducted by the Stellacci group. In 2004,
they first introduced monolayer-protected gold nanoparticles
with phase-separated ordered domains—the first striped-
pattern nanoparticles. In their experiment, an ordered domain
could be easily tailored by adjusting the radius (curvature) of
the core and the octane thiol/mercaptopropionic acid ratio. In
addition, they concluded that this pattern results from the
thermodynamic equilibrium state, resulting in its good
stability.”* Subsequently, they made significant progress in
synthesizing a series of other gold nanoparticles with various
properties, including binary SAM gold nanoparticles, in which
two opposite ligand domains are formed (Fig. 1a).”>””> More-
over, the differences between “striped” and “binary” can be
explained by the compatibility of the ligands—compatibility
leads to a striped pattern, whereas the other leads to “binary”.
Based on these observations, they proposed a theory that micro-
phase separation is critical to determine the final morphology.
For striped gold nanoparticles, the increase in entropy by
conformational changes is of high importance. Only when it
overcomes the penalty of enthalpy by complete phase separa-
tion, a striped pattern occurs, heavily relying on the particle
size, i.e. a small radius would give rise to the formation of Janus
rather than a striped pattern.”>”®

To endow gold nanoparticles with a certain function, they
can be linked with (bio)polymers. Their preparation strategies

2360 | J Mater. Chem. B, 2022, 10, 2357-2383

View Article Online

Journal of Materials Chemistry B

can be divided into three types: (1) grafting from—polymeriza-
tion on the particle surface during their synthesis, (2) grafting
to—particles are synthesized and mixed with polymers, and (3)
post-synthetic modifications. To stabilize the particles, inor-
ganic polymers, such as PEG and PVA (polyethyleneimine), are
conjugated to gold nanoparticles mostly via grafting from/
to.”””® Biomolecules are commonly conjugated to gold nano-
particles through post-synthetic modifications. Gold nano-
particles can be easily prepared using amino acids through
the formation of Au-S bonds. Combined with peptides or metal
ions, they have been applied in biosensing and molecular
computing.”>*° Similarly, DNA undergoing the thiolate process
can directly bind to gold nanoparticles aiming for diagnostics
and the following construction of a nanodevice.®"*?

However, observation of the dynamic process of surface
pattern formation can be hardly achieved. Moreover, it is
challenging to construct gold nanoparticles with a specific
number of ligands, which hinders the preparation of a desir-
able nanopattern. Moreover, it is relatively simple to exert
delicate control on the conjugation of biomolecules to gold
nanoparticles. This requires the development of methods to
control the thiol activity and improvements in dynamic char-
acterization techniques of nanoparticles.

3.2 Construction of dendrimers with different substructures
on their surface

Dendrimers are a family of nanosized three-dimensional poly-
mers characterised by unique dendritic branching structures
and compact spherical geometries. Their names come from the
Greek word ‘“dendron”, which means “tree”, and refer to the
unique organisation of polymer units.®* Dendritic polymers are
obtained through an iterative cycle reaction, and one layer of
molecules is added in each iterative cycle. There are two main
strategies for synthesising dendritic polymers (Fig. 1b).'® The
first is the divergence method,®* in which the growth of
dendritic units originates from the core site (root). This method
assembles monomer modules into radial and branched motifs
according to certain dendritic rules and principles.®> The
second is the convergence method,*® which starts from the
molecules that are about to become the surface of the branch
units (that is, from the leaves of the molecular tree) and reaches
the root reaction core inward. This requires that a single
reaction branch unit is formed first, and then multiple branch
units react with the multifunctional core to obtain the dendritic
polymer structure.®

Polyphenylene dendrimers (PPDs) are unique members of
the dendrimer family, whose main chain is mainly composed of
substituted benzene rings.®”®® PPDs have a high extent
of branching, rigidity and monodispersity. The structure of a
PPD contains three levels: core, scaffold, and surface. Com-
pared with other dendrimers, PPDs are more interesting
because of their rigidity and non-conformational rearrange-
ment. Dendrimers generally have flexible dendrimers with
arms, which makes dendrimers easily undergo conformational
rearrangement. Therefore, the surface of dendrimers is
obscured by special functionalized sites and cannot function,

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 (a) Mesoscale simulation results of a fixed length ratio (4:7) on the surface of gold nanoparticles with different degrees of curvature. (b) Two
principles of synthetic methods (divergent synthesis and convergent synthesis) for constructing dendritic macromolecules (dendrons). (c) Illustration of
the synthesis of triblock Janus particles by seeded emulsion polymerization and UV irradiation. Reproduced with permission from ref. 75, 16 and 95,
copyright (2007) American Physical Society, (2001) Elsevier and (2019) American Chemical Society.

which is not conducive to practical applications. Because the
rigid main chain replaced by the benzene ring endows the PPDs
with shape durability, when the core, scaffold, and special sites
on the surface are chemically modified and functionalized on
the nanoscale, there is no concern about the target properties
of the molecule losing effect due to the negative influence
brought about by conformational rearrangement.®*° The
shape-persistence feature reveals additional possibilities for
PPD applications in areas such as biological research, drug
transport, and interface interactions.

The surfaces of PPDs can be finely regulated or modified to
have two or more different characteristics, namely, the for-
mation of patched dendrimers with different characteristics on
the surface. For example, amphiphilic PPDs have both hydro-
phobic and hydrophilic functional groups on their surfaces.
These amphiphilic PPDs play an important role in the inter-
action with proteins, cells, or viruses, and they exhibit low
cytotoxicity in vitro and in vivo.’’ PPDs maintain a unique
spherical structure in that solution, and a lipophilic cavity with
a specific size is formed inside, which is a protein-like structure
and can simulate substances such as human serum protein
(HSA) to make “artificial proteins”,”® suggesting that PPDs
can be potential carriers of lipophilic drugs. Highly branched,
persistent-shaped, monodisperse PPDs consist of a core, a
scaffold, and a surface. The core controls and determines
the number and geometry of the dendrimers of
macromolecules.”>** Building blocks control the chemical
functionalization and properties of the scaffold and surface.

This journal is © The Royal Society of Chemistry 2022

The difference in the core or building block type affects the
shape and properties of the dendrimer.

PPDs have a rigid, designable surface and a special lipophi-
lic cavity inside, and can interact with cell membranes and
viruses. These characteristics provide a broad prospect for the
research and application of PPDs. Through the Diels-Alder
cycle addition reaction, researchers can prepare various PPDs
with different shapes and surface characteristics to explore the
interaction between nanoparticles and biological interfaces.

3.3 Construction of “Janus” nanoparticles

Since the concept of Janus nanoparticles (NPs) was first
proposed in 1991, research on them has become a hot topic
in the field of biochemistry.”* Janus NPs, named after a double-
faced Roman God, can be defined as particles with a fine
structure consisting of two or more components with different
(usually opposite) physical and chemical properties. Due to
their unique optical and magnetic properties, Janus NPs have
high potential for biopharmaceutical and imaging applica-
tions. Similarly, there are two preparation strategies for Janus
NPs, “additive” and “subtractive” (Fig. 1c).”® The “additive”
strategy is commonly used, including in self-assembly, seed
emulsion polymerisation, and phase separation. In the field of
self-assembly, one of the pioneering studies was conducted by
Muller’s research group. In 2001, synthetic “Janus micelles”
were first synthesised by Miiller using self-assembly technol-
ogy. His approach of solution-casting-cross-linking-redissolu-
tion was relatively simple and laid the foundation for the
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development of self-assembly technology.’® Thus, a wide variety
of Janus particles can be synthesised in a controlled manner via
self-assembly.*”?® Recently, some “subtractive’” methods have
been proposed. UV-etching is considered one of the best
“subtractive” methods because of its versatility and environ-
mental friendliness. Recently, Chen’s research group has made
a series of advances in the synthesis of Janus NPs by UV
cleavage.” %! In 2021, they proposed a simpler two-step syn-
thetic method for preparing Janus NPs. They first synthesised a
particle film at the gas—solid interface and then placed the film
directly under an ultraviolet light source for photodegradation.
In a short time, they achieved a coverage rate of 43.49% in the
film.’°> However, the subtractive method is currently not
mature enough, and further studies are encouraged to achieve
a high-yield synthesis of Janus particles of interest.

3.4 Molecular precision surface engineering by bottom-up
synthesis

3.4.1 DNA nanotechnology-based surface decoration. DNA
is an effective programming material with good addressability,
controllability, and biocompatibility. Based on the Watson-
Crick complementary base-pairing principle, DNA is con-
structed into various nanomaterials (from tiles to origami),
which are expected to play a role in drug delivery and computer
programming.'®'** However, the relatively simple physical
and chemical properties limit the application of DNA nanos-
tructures. Therefore, many nanotechnology-based surface mod-
ification methods have been proposed to solve these problems.
Origami, synthesized by hundreds of strands via a one-pot
method, shows an unprecedented ability for precisely attaching
the ligand, where the strand can be extended as an anchor for
any further modifications.'® Based on that, Ke et al. showed
that it is easy to precisely combine a nucleotide probe to an
anchor strand via specific base pair recognition. Moreover, the
following probe-target binding affinity is related to the probe’s
position on origami—the edge position results in the best
efficiency, while the middle position results in the worst.'*®
Similarly, a common method to attach other groups (e.g
proteins) is to conjugate the group of interest to an oligo-
nucleotide, followed by its hybridization.'””'°® Moreover, the
origami-mediated assembly of carbon nanotubes in high reso-
lution provides a paradigm to produce the desired complex
pattern.'®® To further prove their functionality, in 2010, Voigt
et al. demonstrated their viability as locally addressable solid
supports for post-assembled precise modifications. In their
research, strands with various groups were distributed, respec-
tively, at the correct position before undergoing cleavage and
coupling reactions without crosstalk.'’® As a result of these
decoration methods, polymers can be added to origami
through electrostatic interactions, hydrogen bonds or hydro-
phobic forces, and nucleic acid hybridisation. This polymer-
origami method is a good tool for nanostructure
construction.'*>*** For example, the addition of hydrophobic
molecules to origami facilitates the construction of amphiphi-
lic DNA nanostructures. In 2014, the Liu group added aryl ether
and ethylene glycol to the staples and then combined these
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staples with origami to form a self-folding amphiphilic
origami.'”® Subsequently, in 2016, they constructed a 2D
amphiphilic nano-molecular layer in a controlled and indepen-
dent manner (Fig. 2a).''* A key goal of researchers is to
incorporate DNA nanostructures into organisms. Because of
the hydrophobic force between the cholesterol moieties on the
DNA nanostructures and the lipid membrane, the construction
of switchable DNA nanostructures attached to the lipid
membrane is very simple."*>"'® To highlight this, researchers
have successfully constructed simulated molecular channels on
the lipid membrane using DNA nanostructures.” In addition,
Li et al. used tubular origami-coated thrombin and nucleic acid
aptamers as targeting ligands to achieve thrombosis at targeted
cancer sites, providing a new methodology for the hypoxia
treatment of cancer (Fig. 2b).""” This process heavily relies on
the precise linkage of lockers on DNA origami to ensure the
appropriate transition from a ‘closed’ state to an ‘open’ state.
Moreover, DNA origami serves as a perfect platform for the
construction of a molecular robot. As researchers can attach
strands on origami in an approximately 6 nm resolution, robots
can accurately go through the path, thus performing the
desired function."'®*''® Among them, a cargo-sorting robot
has been constructed by Thubagere, showing the intelligence
of a DNA nanorobot."*

3.4.2 Protein nanostructure-based surface engineering.
Compared to the DNA nanomaterials mentioned above, pro-
teins can be considered ‘“natural nanoparticles”. Due to their
low toxicity, protein-based nanostructures are more advanta-
geous for use in organisms (Fig. 2¢).">" Moreover, because of its
isotropy, a single product can be easily obtained from the
capsid.'®* Most importantly, a virus capsid can undergo surface
engineering at a specific site via genetic or chemical modifica-
tions. Therefore, surface engineering has been employed to
modify virus nanostructures for application in various fields
(Fig. 2d)."**

Adenovirus (Ad) is the most frequently used gene transfer
vector in clinical trials, and to achieve its clinical applications,
various methods have been proposed. There are mainly three
biological (genetic) methods to engineer its surface pattern. (1)
Insertion of antigenic epitopes in the adenovirus fibre protein
is mainly realized by adding targeting ligands to an adenovirus
fibre knob, for example, RGD modified adenovirus can bind to
integrin."** In 2015, Hanni succeeded in attaching the epider-
mal growth factor to the epidermal growth factor receptor
for circumventing pre-existing Ad5 immunity in clinical
populations.’*® (2) The second method is switching the sero-
type of adenovirus, such as transforming the fibre portion of
Ad5 into that of Ad6/Ad35.*¢'*” (3) The third method is the
removal of the liver targeting fibre protein. In this method, Ad
can be more biocompatible. For example, Leissner et al. artifi-
cially enabled the mutation of an AB loop(S408E) on Ad5, which
then lost its ability to bind to cellular receptors.'*® Moreover,
the mutation of the KKTK motif to GAGA can lead to its
inability to bind heparan sulphate proteoglycan."”®

Predominantly, there are three methods to chemically engi-
neer the virus surface pattern. (1) Similar to gene modification,

This journal is © The Royal Society of Chemistry 2022
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attaching polymers with ligands chemically contributes to the
specific function of adenovirus (e.g. through interactions with
the target tumour tissues)."*>™*' (2) Conjugation of positive
polymers or lipids is a common way to promote adenovirus
entry into a membrane. Given the increased electrostatic inter-
actions, the internalization process does not rely on the media-
tion of a cellular receptor.”**'** (3) As different parts of an
organism have unique circumstances, it is also our goal to
develop virus-based nanoparticles that can respond to specific
surroundings. Considering the relatively acidic microenviron-
ment in tumour tissues, hybridization with pH-responsive

polymers enables controllable release only at the tumour
site, 134135

3.5 Techniques for the characterization of the nanoparticle
surface

To further investigate the surface properties of nanoparticles
and to broaden the application prospects of nanoparticles,
techniques are needed to characterize the surface patterns on
nanoparticles. The attachment of ligands to nanoparticles and
the interaction between the whole nanoparticles and their

This journal is © The Royal Society of Chemistry 2022

, (1996) The Royal Society of Chemistry, (2020) Wiley Online Library and

targets are the focus of the nanoparticle field. Some basic
methods have been attempted to roughly characterize the sur-
face of nanoparticles. BET (Brunauer-Emmett-Teller) techni-
ques involve a type of gas absorption experiment and have been
employed for the characterization of surface area and porosity,
indicating the type of biomolecular interaction that follows (e.g.
a high surface area and porosity tend to form a protein
corona)."®® Zeta potential and electrophoretic mobility can
provide basic information on the electrical properties of the
nanoparticle surface, but they cannot be used to characterize
their microscopic charge distribution."”” Nuclear magnetic
resonance (NMR) spectroscopy serves as a general tool to
characterize ligand density and ligand structures, although it
is limited by its sensitivity (Table 1).***

To provide more detailed information about surface pat-
terns, electron microscopy and atomic force microscopy (AFM)
are the main methods proposed thus far. Previous studies have
used electron microscopy (transmission electron microscopy)
or scanning electron microscopy to elaborately characterize the
morphology and growth kinetics of nanoparticles.**™*° AFM,
based on the interaction between the probe and the sample,
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Table 1 Techniques for the characterization of the nanoparticle surface
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Surface characteriza-

tion techniques Usage Advantages

Disadvantages

BET Surface area
Zeta potential Electrical properties

Rapid and simple

NPs
NMR Properties of ligands Relatively comprehensive methods to
characterize NPs
IR methods Properties of ligands High sensitivity, merely no restriction
on the types of NPs
MALDI-TOF Properties of ligands Rapid, sensitive, low cost
AFM/SEM/TEM Size, shape and Visualized information, very sensitive
morphology
HPLC/MS Linkages between NPs Qualitive methods to determine
and ligands chemical compositions
MD Folded structures of ~Accurate when combined with other

dendrimers characterization methods

can also directly provide visualized information about
nanoparticles."*" These methods have been widely used in
studies about origami, dendrimers, etc. to confirm the correct
formation of substructures.

In addition, to further characterize surface patterns, infrared
techniques with a high sensitivity have been recognized as
versatile methods to study the functional groups on nano-
particles. For example, IRRAS (infrared reflection absorption
spectroscopy) analyses thin films mainly by a combination of
transmission and reflection IR spectroscopy in a mixed mode to
achieve high resolution,"** although IR based methods are
mainly qualitative not quantitative. Furthermore, elemental
analysis can provide information on the elemental composition
of surface ligands."** HPLC/MS (high-performance liquid chro-
matography/mass spectrometry) can quantitatively characterize
the number of nanoparticle surface linkages, which requires
some additional procedures before to break the linkages (e.g.,
Au-S breakage by iodine cleavage)."** As dendrimers are highly
branched, MD (molecular dynamics) simulation has been
utilized to analyse these complex structures. It can determine
the spatial array of branch points and the molecular surface
area; what is more, it can provide more convincing results
about these complex highly folded conformations when com-
bined with SAXS (small angle X-ray scattering)."*® In addition,
matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectroscopy has been widely applied to
assess the ligand labelling efficiency to a virus capsid.'*® More-
over, its analysis is based on the comparison between its mass
spectrum and the reference in the database.

4. Surface patterns of nanoparticles
affect their interaction with the cell
membrane

4.1 Structure of the cell membrane: mesoscale domain
organization of the plasma membrane

The cell membrane is composed of lipids, proteins, and sugars,
which constitute the outermost layer of the cell.* The cell
membrane plays an important role in maintaining cell stability,

2364 | J Mater. Chem. B, 2022,10, 2357-2383

Provides relatively rough information

Can partially determine the stability of Cannot provide the detailed charge distribution

Low sensitivity, not suitable for metal NPs which induce
changes in local magnetic fields
Qualitative, not quantitative

Mainly used on protein (peptide) related structures
Expensive and laborious

Involves additional procedures

High computational cost

energy conversion, information transmission, and material
transportation. The study of cell membranes has a long history.
Among the studies, the membrane fluid mosaic model
proposed by Singer and Nicholson in 1972 was supported by
ample experimental evidence and has greatly impacted our
™7 with the development
of experimental technology and in-depth research, researchers
have found that not all membrane proteins on the cell
membrane are free to move. A large number of facts and
experimental results'”'*® have proved that the diffusion phe-
nomena of membrane molecules such as transmembrane (TM)
proteins, glycosylphosphatidylinositol (GPI)-anchored proteins,
and phospholipids are dependent on the regional features,
time scale, and actin-base membrane skeleton interaction.
This phenomenon is known as hop diffusion.>>'*° Based on

understanding of cell membranes.

these features of hop diffusion, researchers have proposed the
anchored membrane protein picket model (Fig. 3a and b).'®**
In this model, TM actin-binding proteins were aligned along
the membrane skeleton and anchored by underlying cortical
actin (CA) filaments, thus forming fences, or pickets, which
could effectively block the diffusion of relevant membrane
molecules.

The cytoplasmic membrane may be divided into three levels
on the mesoscale: membrane compartment, raft domain, and
protein cluster."”® The mesoscale is larger than the nanoscale
and smaller than the microscale. On this scale, the dynamic
processes and interactions of domains or molecules at different
levels in space and time can be considered, and the important
roles played by thermal fluctuations and weak synergy can be
included. Based on this, we will introduce the main contents of
the mesoscale domains of the plasma membrane in this
section.

131,152 gecurred

The formation of membrane compartments
because TM proteins were immobilised on the membrane
backbone by an interaction with the filamentous actin fence
and then formed fences, or pickets, to partition the cytoplasmic
membrane into multiple regions (i.e.,, membrane compart-
ment) (Fig. 3a and b). The membrane compartment has played
an important role in promoting the formation of protein

complexes on the membrane surface, the distribution and
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diffusion of different membrane molecules on the membrane
surface, and the size limitation of the raft domain. These effects
cannot be separated from the existence of proteins, such as TM
proteins, and their molecular interactions.

The raft domain'®**'** is a nano-scale, heterogeneous,
highly dynamic, and relatively ordered membrane domain rich
in sterols and phospholipids (Fig. 3c). The formation, size, and
existence time of the raft domain are affected by intermolecular
affinity and thermal fluctuations. The molecules that affect raft
formation include lipids and proteins. Lipid interactions based
on cholesterol and saturated acyl chains recruit molecules that
gradually form dynamic transient raft complexes. The
membrane compartment also plays an important role in the
size of the raft domain. The raft domain plays an important role
in cell signal transduction, transmembrane transport of sub-
stances, and invasion by pathogenic microorganisms. The
realisation of these functions may be closely related to the
assembly and size regulation of a raft.

Protein clusters are dimers or oligomers of proteins or more
complex and large protein complexes (Fig. 3d).">**>® These
protein complex domains play an important role in cell signal
transduction, transmembrane transport of substances, and
other functions. The membrane compartment plays an impor-
tant role in promoting the formation of protein clusters, such
as protein dimers. In the cell signal transduction function,
protein complex domains can synergistically assemble choles-
terol and saturated lipids to form a raft and form a synergistic
complex after binding to related molecules to exert related

This journal is © The Royal Society of Chemistry 2022

functions. This synergistic effect is of great significance for
the protein to exert its function or for enzyme activity.

The three hierarchical structures on the cell membranes of
organisms have dynamic relationships. The cell membrane is a
complex system, which is affected not only by the cell surface
molecules, but also by the intracellular and extracellular envir-
onments. The following sections will introduce how nano-
particles with hydrophobic and hydrophilic surface patterns
interact with the cytoplasmic membranes as well as the basic
mechanisms and processes involved, which are inseparable
from the basic characteristics of the cell membrane and the
surface characteristics of nanoparticles.

4.2 Fine-tuning of surface hydrophobicity and charge
patterns for membrane interaction

4.2.1 How surface hydrophobicity and charges influence
the interaction between nanoparticles and membranes. Surface
hydrophobicity and charges are the most critical surface prop-
erties affecting nanoparticle interactions with the cell
membrane. Many experiments prove that tuning the hydrophi-
lic and hydrophobic structures could efficiently regulate the
transport of nanoparticles into cells. Castro et al. reported that
poly(ethylene oxide)-b-poly(e-caprolactone) nanoparticles with a
higher level of hydrophobicity could be transported across the
membrane more efficiently than poly(ethyleneoxide)-b-
poly(lactic acid) nanoparticles in the cell uptake experiment
with the human glioblastoma cell line U251.">” By linking the
hydrophobic ligand octanol to glutathione-coated AuNPs
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(OG-AuNPs), the hydrophobicity of AuNPs could significantly
enhance their affinity for the cell membrane."*® Guo et al
demonstrated the direct transport of nanoparticles covered
with hydrophobic lipids.’®® They used fluorescent lipids to
study the spontaneous formation of pores by AuNPs on the
membrane and the occurrence of lipid exchange. This mecha-
nism may explain why nanoparticles can spontaneously pene-
trate the membrane and enter the cell but cannot escape from
the cell, which also revealed that the local hydrophilicity of
particles plays a key role in the interaction with the cell
membrane, resulting in different rollover and movement beha-
viors of particles in the cell membrane.

However, in addition to considering the positive effect of
hydrophobicity on the cellular uptake of nanoparticles, we
should also note the negative effect of surface hydrophobic
groups on the adsorption of proteins in organisms and the
nonspecific aggregation during circulation."®®'®" Therefore,
the balance between the hydrophobic and hydrophilic surfaces
of nanoparticles plays a very important role in the complete
functional path of nanoparticles, such as transportation, inges-
tion, and drug release in organisms, which deserves further
research. This can help researchers design more reasonable
and effective nanocarriers, opening up a way to solve practical
problems.

From this aspect, nanoparticles with patterned hydrophobic
and hydrophilic surfaces should be more preferred to benefit
from the hydrophobic interactions with the membrane and
also compensate the disadvantages. In recent years, computer
simulation has already shown the internalization process and
mechanism of nanoparticles with different surface patterns. Li
et al. compared striated nanoparticles with hydrophilic and
hydrophobic ligands alternately arranged at intervals, fully
hydrophilic nanoparticles, fully hydrophobic nanoparticles,
and NPs with randomly mixed ligands at the same hydrophilic
to hydrophobic ratio.*®* They found that striated nanoparticles
had the lowest energy barrier and were easy to transport.
Through a dissipative particle dynamics (DPD) simulation, they
verified the existence of a new type of amphiphilic nanoparti-
cle-ligand complex that spontaneously penetrates the cell
membrane.'®” Notably, there are also significant differences
in the interaction between nanoparticles with different patterns
and cell membranes, such as stripes, a random distribution,
and other patterns. Zhang et al simulated four kinds of
copolymer-coated nanoparticle complexes (including hydrophi-
lic-hydrophobic (AB), hydrophobic-hydrophilic (BA), hydro-
phobic-hydrophilic-hydrophobic-hydrophilic  (BABA), and
random hydrophilic-hydrophobic patterns with different char-
acteristics) by using dissipative particle dynamics to explore the
effects of the density, rigidity, and surface pattern on the
nanoparticle surfaces during their transport through the cell
membrane. They found that BA and BABA patterns play impor-
tant roles in the transport process."®*

Except from hydrophobicity, the surface charge distribution
of nanoparticles is also essential in the controlled transport
process, and the charge plays an important role in the
interaction between nanoparticles and the phospholipid
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membrane.>'®* For instance, negatively charged AuNPs are
not easily fused with cell membranes because they are repelled
by electrostatic interactions with the negatively charged cell
membranes.'®>'%® At the same time, positively charged AuNPs
usually have high cell membrane permeability. Goodman et al.
reported that the cytotoxicity of positively charged AuNPs was
much higher than that of negatively charged AuNPs, and this
result is likely to be related to their different cellular
uptakes.'®”"'°® Ma et al. fabricated different kinds of chitosan-
based nanoparticles, which could carry different charges but
were identical in other characteristics (the size, shape and
hydrophobicity). They incubated these nanoparticles with dif-
ferent cell lines to uncover the biological effects of nano-
particles. The experimental results indicated that positively
charged nanoparticles would promote the transmembrane
efficiency of nanoparticles. They also observed different intra-
cellular trafficking effects induced by different charged surfaces
of nanoparticles.'®®

These studies strongly supported the importance of con-
structing hydrophobic patterns and charge structures on nano-
particles for cell interactions. However, the experimental proof
of this concept is still challenging. Only dendrimers and AuNPs
have been successfully constructed with defined surface hydro-
phobicity and charge patterns and investigated their influence
with cells. Therefore, the following two sections will introduce
both systems in detail.

4.2.2 Interactions between dendrimers and membranes.
Because of their versatility, flexibility, and modifiability, den-
drimers have broad prospects in the field of drug delivery and
nucleic acid delivery. It has long been desired to obtain
dendrimers that are structurally stable, have low toxicity, and
can be efficiently taken up by cells. Many studies have demon-
strated the important effects of surface characteristics, size,
and other related factors on the uptake of nanoparticles by
cells."”® There is a general understanding that positively
charged dendrimers, such as poly(amidoamine) (PAMAM) den-
drimers, could more efficient penetrate cell membranes. Com-
puter simulations also illustrated the detailed process of how
PAMAM dendrimers interact with cell membranes. However,
large-sized PAMAM molecules with high positive charges can
cause the formation of pores on the cell membrane and even
cell death (Fig. 4a and b)."”*7'7® This greatly limits the applica-
tion and development of related dendrimers.

By designing proper surface patterns, one could also achieve
efficient cell uptake similar to PAMAM but without a high
density of positive charges. In the previous section, we intro-
duced the methods to create polyphenylene dendrimers (PPDs)
with defined surface patterns. These dendrimers are highly
branched, shape durable, and monodisperse. In addition, they
can be chemically functionalized at their core, scaffold, and
surface, which provides the possibility of regulating the surface
characteristics of PPD. Therefore, they are one of the successful
models that are used to study the effect of surface patterns on
cell interactions.

Miillen and Weil et al. made important contributions to the
biological applications of PPDs. In their work in 2014, they

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 (a) Representative images of G3 with different terminations of the dendrimer in different equilibrated states. (b) Snapshots of different simulations
of systems with different dendrimers. (c) PPD3 uptake and influence on brain endothelial cells. (d) Confocal fluorescence images of HLC cells incubated
for 24 h with PPD. Reproduced with permission from ref. 173, 176, 91 and 178, copyright (2009) MDPI, (2006) American Chemical Society and (2014),

(2017) Wiley Online Library.

demonstrated that PPDs with design alternating hydrophobic
and hydrophilic patterns could display similar performance to
the natural proteins, demonstrating their biocompatibility and
application potential.”® Instead of using positive charges to
enhance membrane interactions, the negatively charged hydro-
philic groups were adopted in their systems which are normally
not preferred for cell uptake. Surprisingly, by optimising the
hydrophilic and hydrophobic patterns on the surface, these
PPDs could be efficiently taken up by cells and even able to
penetrate blood brain barrier models without affecting the
membrane integrity.'”” PPDs form 3D spheroids in aqueous
solution with lipophilic cavities inside (like a protein structure).
Researchers assigned the molecule a biological identity similar
to that of human serum albumin (HSA), a natural vehicle for
transporting lipophilic or poorly water-soluble substances with
abundant animal plasma. The characteristics of this new PPD
can be summarised as follows: (1) nanometer size, (2) a
spherical structure with an amphiphilic surface pattern that

This journal is © The Royal Society of Chemistry 2022

promotes the interaction with the cell membrane, and (3)
lipophilic internal cavities with different nanoscale dimensions
that provide controllable guest uptake. PPDs exhibited good
transport in A549 cancer cells and endogenous brain cells and
low toxicity in relevant experiments. These results strongly
supported that tuning the patterned structures on the nano-
particle surface could be an efficient way to promote cell
interactions (Fig. 4c).

In another study, they performed surface tension measure-
ments, X-ray reflex (XR), and sum-frequency generation spectro-
scopy (SFG) to study the effect of charges of the hydrophilic
groups on amphiphilic PPDs (approximately 5 nm in diameter)
using the monolayer of a self-assembled cell membrane (1,2-
dipalmitoyl-sn-glycero-3-phosphocholine [DPPC]).® This work
showed that the dendrimer interacted with the cell membrane
via the electrostatic force of the lipid headgroup, which drove
the changes in headgroup alignment, and the negatively
charged dendrimer could induce behavioural changes in
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interface water molecules. The results of this study have
deepened the understanding of the interaction between amphi-
philic PPD macromolecules and the lipid layer and improved
its application in biology.

In their work in 2017, Miillen et al. demonstrated how the
type and ratio of hydrophilic groups on amphiphilic PPDs
influence the interaction with biological systems and studied
their manifestations in cellular uptake and toxicity (Fig. 4d).*”®
A PPD with a molar ratio of propyl groups to sulfonic acid (i.e.
non-polar to polar groups) of 1:1 as the surface feature was
used as the parent molecule, and weakly acidic carboxylic or
phosphonic groups were used to replace the surface sulfonic
acid to explore the effects of acidic changes and the ratio of
polarity to non-polarity on the surface of the dendrimer to
explore the important effects of the PPD surface-patched archi-
tecture on the uptake of substance particles by cells. Different
groups had little effect on substance transport and cell uptake.
Almost all the dendrimers with a molar ratio of polar to non-
polar groups of 1:1 showed high cell uptake, while the den-
drimers with a molar ratio of polar to non-polar groups of 2:1
could not cross the cell membrane. Researchers believe that
this is because the high density of polar groups enhanced the
rejection of PPDs against the cell membrane. This result
demonstrates the important role of highly hydrophobic (lipo-
philic) surface features (i.e., high coverage of hydrophobic
groups) in promoting cell uptake. This work is of great sig-
nificance for the future design of feasible vectors for patched
PPD-related drugs and nucleic acids.

Overall, these studies supported that the hydrophobic and
hydrophilic surface patterns could significantly influence the
interactions with cell membranes, and particularly the type of
hydrophilic groups, hydrophobic groups and their ratio are all
essential to tune the interactions. In this regard, the highly
branched, shape-persistent, monodisperse PPDs with precisely
designable surface patterns and special internal cavity struc-
tures offer the possibility and feasibility of their interaction
with biological systems and their subsequent applications.

4.2.3 Interaction of AuNPs with membranes. The surface
hydrophobicity, hydrophilicity, and charges on AuNPs play an
important role in cell uptake and nanoparticle-cell membrane
interactions.’”'®® Understanding the interaction between
AuNPs and the membrane system and the related influencing
factors is of great significance for their biomedical applica-
tions. Okoampah et al. have systematically summarized the
influences of different factors on the interaction between gold
nanoparticles and the cell membrane.'®" At present, it is
believed that the transport pathways of AuNPs are mainly the
endocytosis pathway and direct penetration.'®>'®* There are
also differences in the internalization pathways of gold nano-
particles of different sizes (Fig. 5a and b)."®*'®> The surface
pattern and related functional groups, as well as the character-
istics, proportions, distributions, and structures, of the ligands
have an important impact on the biological behaviour of
AuNPs. Quan et al. explored the interaction between AuNPs
with different surface characteristics and asymmetric lipid
membranes by using coarse-grained molecular dynamics
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(CGMD) simulations, revealing the mechanism of interaction
between nanoparticles and asymmetric lipid membranes to a
certain extent (Fig. 5c).'®* Researchers can even control and
design the behaviour and whereabouts of AuNPs based on the
regulation and control of the surface pattern.

With the methods discussed in Section 3.1, it is possible to
create fine substructures on the surface of AuNPs and thus
investigate their effect on membrane interactions in more
detail. Recently, Lunnoo et al. theoretically demonstrated that,
compared with AuNPs with pure positive/negative charges,
zwitterionic particles are less likely to be inside the membrane
due to the rise of free energy barrier. In addition, zwitterionic
particles prefer to agglomerate, which can further reduce its
translocation rate.'®® However, as mentioned above, zwitterio-
nic modification can prevent the arbitrary absorbance of these
macromolecules, and delicate distribution of these 2 opposite
ligands is needed to make a trade-off to overcome the dilemma.
Moreover, surface electrical density is also viewed as a co-factor
in determining the pathway of the particles into the membrane,
which implies that it is essential to control the density of
charges for avoiding damage to the membrane.'®” This study
indicated the promising potential of creating more defined
charge separated patterns for fine-tuning of nanoparticle inter-
actions with cell membranes. However, since the techniques to
precisely prepare such nanoparticles are still unavailable, this
direction remains unexplored.

However, hydrophobic patterns have been created on the
AuNP surface which has been shown to strongly influence their
interaction with the cell membrane or other biological inter-
faces. Stellacci et al. have made important contributions to the
field. In their early work, they reported related research on
AuNPs covered with hydrophobic ligands (octanethiol, OT) and
hydrophilic ligands (mercaptopropionic acid, MPA). They
found that the self-assembly of AuNPs formed a striped struc-
ture, and the transmembrane transport of this particle in
fibroblast cells was also observed.'®®'®® The results from the
Stellacci group revealed the potential of nanoparticle surface
patterns in regulating the material internalisation mechanism.
Gkeka et al. extended the work of Stellacci et al. to explain the
mechanism of regular surface patterns promoting transport to
some extent by coarse-grained molecular dynamics simula-
tions. Designing nanoparticles with a certain amphiphilic
pattern on the surface may be an excellent application
scheme.™*®

The above studies demonstrate that the design of more
sophisticated structures (the heterogeneous surfaces) can
obtain finer particles. Gao et al. studied the possible effects
of hydrophilic and hydrophobic structures of nanoparticles on
transmembrane behavior via computer simulations. Homoge-
nous hydrophilic particles can only be absorbed on the
membrane surface rather than enter the lipotropy phospholi-
pid bilayer. However, for homogenous lipophilic nanoparticles,
it may be easier to be inserted inside the lipotropy phospholi-
pid bilayer, but more difficult to be released. Homogenous
lipophilic nanoparticles could even cause substantial disrup-
tion to the bilayer while leaving the membrane."*>'*> Due to
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Fig. 5 (a) Fluorescence image of ErbB2 receptor localization after treatment with different sizes of Her-GNPs. (b) Illustration of AuUNPs internalized by
the cell in a receptor-mediated manner. (c) AuNPs with different charges interact with symmetric or asymmetric lipid membranes. (d) AuNPs with
different structural organizations of hydrophilic and hydrophobic ligands on the surface display different transmembrane abilities and phenomena when
interacting with the cell membrane. Reproduced with permission from ref. 164, 184, 185 and 189, copyright (2008) Springer Nature, (2021) American

Chemical Society, (2020) Elsevier and (2010) Wiley Online Library

the amphiphilic characteristics of the phospholipid bilayer,
AuNPs with amphiphilic patterns are more likely to interact
with cell membranes and thus have higher cell uptake effi-
ciency. Stellacci and Alexander-Katz et al. elucidated the
mechanisms of spontaneous insertion of amphiphilic AuNPs
into the membrane by conducting unbiased atomistic simula-
tions and experimental verification.'®® They demonstrated the
vesicle fusion-like and non-disruptive behaviour between
amphiphilic AuNPs and the membrane.

The structural organization of hydrophilic and hydrophobic
ligands on the AuNP surface also play an important role in the
interaction between the nanoparticles and cell membrane.
Stellacci et al. used hydrophobic and hydrophilic ligands to
construct patterns with different structural organization pat-
terns on the particle surface, demonstrating that nanoparticles
coated with a ribbon-like alternating arrangement penetrated
the cell membrane. However, particles coated with the same
ligands but in a random arrangement cannot penetrate the
membrane effectively, and can even get trapped in vesicular
bodies (Fig. 5d)."® Therefore, the process of AuNP incorpora-
tion is a result of many factors.

This journal is © The Royal Society of Chemistry 2022

4.3 Fine-tuning of ligand patterning for receptor mediated
cell recognition

4.3.1 Effect of ligand density on nanoparticles. In the
previous section, we summarised the effects of surface hydro-
philicity and hydrophobicity, charge properties, and plaque
formation of nanoparticles upon their entry into cells. In
addition, the ligand density of nanoparticles is also considered
a critical factor in receptor-mediated endocytosis of nano-
particles. One pioneering study was conducted by Adachi,
who discovered in 1994 that nanoparticles with a high ligand
density were more likely to enter cells than nanoparticles with a
low ligand density.'** The effect of ligand density on multiple
receptor-ligand systems was then revealed, and the ligand
density of nanoparticles may be positively correlated with the
efficiency of their endocytosis to a certain extent.'®® Some early
thermodynamic models have been established to explain these
phenomena.’”®"® Based on the energy transfer process of
receptor-ligand binding (the receptor-mediated adhesion
energy surpasses the membrane bending energy), Gao et al.
analysed the process of spherical nanoparticles and cylindrical
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nanoparticles entering cells. They believed that the radius of
the nanoparticles was closely related to the ligand density.
Based on this model, it could be predicted that the ligand
density of the nanoparticles must be greater than a critical
value to enter the cells. The range of the radius of the nano-
particles that can be internalised is determined by the two real
roots of the equation they proposed.**®

However, these studies were all based on the ideal state in which
all the ligands on the surface of the nanoparticles bind to the
receptor in a one-to-one manner. Therefore, in 2010, Yuan consid-
ered ligands that did not bind to the receptor and initially estab-
lished a functional model of nanoparticle ligand density (£) and
endocytosis time. His model is similar to a parabola in that, before
the turning point, the greater the density, the shorter the endocy-
tosis time; after the turning point, the greater the density, the longer
the endocytosis time. At the turning point, the time is the
shortest.”® Subsequently, Yuan established a more refined 3-
phase model. He summarised the optimal nanoparticle endocytosis
parameters, R (radius) € [25, 30] nm and ¢ (ligand density) € [0.8,
1], which promoted the design of nanoparticles and their applica-
tion in organisms.>*'?%>

In addition to these simulations, some cellular experiments have
demonstrated the effects of nanoparticle ligand density. The mode
of endocytosis of folic acid-modified QDs in HeLa cells was closely
related to the density of folic acid. When the density ranged from
low to high, the endocytosis mode changed from caveolin-mediated
to mixed type and finally to clathrin-mediated.”** Similarly, in 2020,
Marine found that the density of the C-type lectin-like molecule-1
binding peptide (cCBP) on the nanoparticle surface determines its
way into cells; at a high ligand density, the particle was internalised
through the C-type lectin-like molecule-1 (CCL1) receptor, and at a
low ligand density it was internalised through the membrane via a
non-receptor pathway.’** To better regulate the interaction between
nanoparticles and cells, more studies are needed to explore the
effect of ligand density on the mechanism of nanoparticle entry
into cells.

4.3.2 Effect of ligand position on nanoparticles. In addi-
tion to the ligand density of the nanoparticles, the distribution
of ligands on the surface of the nanoparticles may also be an
important factor affecting the endocytosis of the nanoparticles
by cells in a receptor-mediated manner. In nature, viruses can
enter cells through receptor-mediated endocytosis, leading to
gene replication and protein synthesis. On the surface of the
nanosized virus capsid, the spike is uniformly distributed.**
Inspired by this distribution of ligands, some symmetrical
nanoparticles have been produced and could be used in
organisms for intracellular endocytosis.>*® This homoge-
neously distributed ligand pattern may facilitate the encapsula-
tion of the entire ligand and allow its subsequent
internalisation by the cells.”®” However, whether a uniformly
distributed pattern is always the best choice for design under
all circumstances remains controversial. The conditions applic-
able to the uniform distribution of ligands predicted by differ-
ent models and obtained by cell experiments are inconsistent.

In 2015, Schubertova used a coarse-grained model to char-
acterise the endocytosis process. In his research, the particles
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were divided into three categories. For particles with a low
ligand density, endocytosis did not occur; for particles with a
high ligand density, endocytosis occurred quickly. More impor-
tantly, for particles with a medium ligand density, the more
symmetrical the ligand distribution, the shorter the endocyto-
sis time. He believed that, for homogeneously distributed
nanoparticles, a lower activation energy was required for
endocytosis.>*® Subsequently, Li et al. considered the mobility
of receptors on cell membrane and found the endocytosis rate
of nanoparticles was determined by the mutual effect of the
distribution of ligands on nanoparticles and the density of
receptors on cell membrane. The endocytosis rate of nano-
particles with homogeneously distributed ligands was the
fastest only when the density of receptors on the cell membrane
was sufficiently high. In most cases, a slightly nonuniform
distribution was the best option.>*

However, in contrast to these two models, Moradi demon-
strated that “clustering distribution” enhanced the efficiency of
endocytosis compared to ‘“loose distribution”. He examined
the phagocytosis of polystyrene nanoparticles with different
distribution patterns of folic acid by bronchial epithelial cells
and found that the aggregated distribution of nanoparticles
exhibited a lower endocytosis efficiency only in the case of a
lower folate density.>'® Therefore, cell membrane components
(cholesterol, glycoprotein) and intracellular substances
(enzymes, reticulin) neglected in previous models might affect
receptor-mediated nanoparticle endocytosis.

As mentioned above, DNA origami enables the precise position
of ligands, and previously studies have been conducted regarding
the influence of the ligand position on receptor-mediated recogni-
tion. In 2014, the Teixeira group first demonstrated the feasibility of
regulating the receptor function through the nanoscale distribution
of ligands (ephrin-A5). They found that the close positioned ligand
can promote the recruitment of noun-bound receptors (EphA2) and
therefore can activate the pathway to a greater extent.*'* Based on
this, in 2020, they further found that the located ligands with
different interval distances can trigger different downstream tran-
scriptional responses.*’> In addition, the distances between apta-
mers determine the corresponding cellular behaviours.**?'* These
results demonstrate the importance of accurately positioning
ligands to enable them to perform their desired function.

In summary, under all circumstances, the optimal distribu-
tion of ligands needs to be fully considered as all of their factors
(size, shape, density, and position) are closely correlated. There-
fore, a fully established system to elucidate the effects of these
factors on the downstream reactions is needed in this field.

5. Surface patterns affect protein
adsorption

5.1 Surface properties of nanoparticles affecting protein
corona formation

Because nanoparticles have a high specific surface area, they
will interact with the surrounding proteins to produce protein
coronas in the biological environment (such as blood and cell

This journal is © The Royal Society of Chemistry 2022
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lysates).>">>'” According to the theory of Derjaguin-Landau-
Vervey-Overbeek (DLVO), due to the interaction of van der
Waals forces with static electricity, biological macromolecules
will be spontaneously deposited on the surface of
nanoparticles.”*® The nonpolar regions on the surface of the
nanoparticles present in the water environment may be more
likely to become sites for the binding or adsorption of biologi-
cal macromolecules.”"’

The formation of a protein corona has a significant impact
on the basic characteristics and specific applications of the
surface of nanoparticles.?**>*> The formation of a protein
corona may also have an important impact on the in vivo
distribution of nanoparticles, cell uptake mechanisms, the
number of nanoparticles ingested,>®*¢*2*3"226 and the cytotoxi-
city of nanoparticles,>*”">*! and even change the function and
biological characteristics of nanoparticle targeting.

The compositions of core materials,**> nano-size,
and surface characteristics®’’*'>*?° of nanoparticles are of
great significance for the formation of a protein corona. Among
the various influencing factors, the surface charge and hydro-
philic/hydrophobic characteristics of particles play a key role in
various biological phenomena.

Many studies on synthetic nanoparticles have shown the
possible influence of surface charges on protein—nanoparticle
interactions. As the physiological pH is 7.4, many proteins are
negatively charged®"® and positively charged nanoparticles may
be more likely to interact with them. Boyles et al. investigated
the interaction between AuNPs with different surface charges
(e.g. chitosan-AuNP conjugates) and proteins in the cell cul-
ture. Their results indicated that surface charges are critical for
protein-nanoparticle interactions and their metabolic
processes.”*® With the increase of the quantity of surface
charges, the positively charged chitosan-AuNPs adsorbed pro-
teins increasingly. Fleischer et al. found that, after the bovine
serum albumin (BSA) was adsorbed on the surface of the
nanoparticles, the interaction between the BSA-NP complex
and the cell membrane also changed (Fig. 6a).*” A summary of
the effects of particle surface charge and hydrophobicity on
protein adsorption has been presented by some researchers."”

The surface hydrophilicity and hydrophobicity of nano-
particles also play a key role in the formation of protein
coronas. With an increase in the proportion of hydrophobic
groups on the surface, the nanoparticles*®® show a stronger
adsorption capacity for substances such as proteins. At the
same time, there was a promoting effect on protein corona
formation when the number of surface hydrophilic groups was
increased. Due to the different types and surface characteristics
of nanoparticles and the different biological fluids used for
their incubation, there may have been differences in the
relationship between the surface hydrophilicity and hydropho-
bicity of the particles and the formation of protein coronas.

Based on the knowledge about how surface properties
influence protein corona formation, it is anticipated that the
surface patterns would also play an important role in fine-
tuning protein adsorption on nanoparticles. However, studies
on this aspect are still limited. Some studies showed that the
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use of nanoparticles with amphiphilic surfaces could effectively
prevent protein adsorption and protein corona formation in
physiological and biological environments.?****° Many types of
complexes and their effects have been explored.>'***° However,
the understanding of designable surface patterns and their
influence on protein adsorption is more challenging. Most
studies in this aspect also used the dendrimer and AuNP
systems, which will be discussed in detail in the following
sections.

5.2 Fine-tuning of the surface patterns of AuNPs to control
protein adsorption

Because of the high free energy on the surface of AuNPs, AuNPs
tend to absorb proteins, thus contributing to the formation of
protein coronas.>*’*** After adsorption of some proteins,
AuNPs may lose some functions given by artificial modification
and may also have new biological characteristics and recogni-
tion sites. AuNPs with opsonin or complement proteins can
trigger the immune response of biological organisms, which
induces their phagocytosis and clearance by macrophages.*
Therefore, the elucidation of the factors influencing the for-
mation of protein coronas on the surface of AuNPs is essential
for their further research and biological applications.

The surface patterns (electrical properties, quantity of elec-
tricity and ligand pattern) of AuNPs have an important effect on
the formation of various protein coronas with different densi-
ties and different components.>**4°

There exist significant differences in the amount of protein
adsorption or composition of a protein corona between parti-
cles with different electrical patterns.>’’” Nanoparticles with
homogeneous charge showed a certain application value in
the experiment. However, surface modification with a single
electrical structure cannot effectively prevent the protein
adsorption. The researchers might be able to achieve better
results by constructing zwitterionic surface structures that
could increase the biological stability of particles. Researchers
have developed various types of zwitterionic surfaces that
exhibit good adsorption resistance and biostability.>® The con-
struction of zwitterionic patterns on the surface of AuNPs can
effectively enhance the biocompatibility of nanoparticles and
prevent protein adsorption,>*® and this approach has been
extensively explored by Garcia et al>*® Gupta et al. demon-
strated the ability of AuNPs with zwitterions to effectively
prevent protein corona formation in serum, improving the
colloidal stability of AuNPs (Fig. 6b).>*® Mosquera et al. used
host-guest interactions to control the zwitterionic surface
characteristics of AuNPs with a large size, and this surface
property has an important impact on the formation of protein
coronas and cellular uptake. Besides, it is noticed that the
protein adsorbed on the surface of nanoparticles can be regu-
lated by adding guest molecules instead of the host macro-
molecular cage to achieve a reversible process (Fig. 6¢).>!

Protein coronas bring many limitations to the practical
application of AuNPs, such as cytotoxicity,”>> biodistribution
and cellular uptake of AuNPs. Various substances and methods
have been tried to prevent the formation of protein coronas by
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Fig. 6 (a) The interaction between the protein corona—AuNP complex and the cell membrane. The positively and negatively charged NPs may adsorb
different proteins and bind to different receptors on the cell membrane. (b) Effects of zwitterion and PEG modified nanoparticles on protein corona
formation. AuNP-zwit significantly prevented the formation of a protein corona, while AUNP-PEG does the opposite. (c) The internalization of gold
nanospheres NS2 in the presence or absence of cage A (in the absence or presence of a protein corona) by Hela cells. Reproduced with permission from
ref. 237, 250 and 251, copyright (2014), (2016), (2020) American Chemical Society.

building surface patterns with different properties. Among
them, PEG is one of the most widely used ligands, which can
effectively reduce the adsorption of non-specific proteins on the
surface of AuNPs and avoid the scavenging phenomenon to
some extent, extending the retention time of nanoparticles.>*
When the surface density of PEG reaches a high level, the
protein corona formation is obviously inhibited, while AuNPs
without PEG modification were detected with a higher total
amount of proteins.>** Moreover, AuNPs with different PEG
surface densities also exhibited different cellular uptake char-
acteristics and internalization phenomena.>”®

At present, most studies of protein-nanoparticle interac-
tions focus on the homogeneous surfaces, but studies on the
heterogeneous surface of nanoparticles are rare. Existing stu-
dies have demonstrated the potential of heterogeneous

2372 | J Mater. Chem. B, 2022,10, 2357-2383

surfaces in regulating protein-nanoparticle interactions.
Researchers can design AuNPs with different heterogeneous
surfaces to tune nanoparticle-protein interactions. In 2013,
Stellacci and Lau et al. studied the interaction between three
types of ligand-coated AuNPs ((1) all negatively charged, sulfo-
nated alkanethiols (11-mercapto-1-undecanesulfonate, MUS),
(2) a 2:1 molar mixture of MUS and 1-octanethiol (OT), and
(3) a 2:1 molar mixture of MUS and a branched, apolar version
of OT) and tow common serum proteins (ubiquitin and fibrino-
gen). The results have shown that the adsorption of proteins on
AuNPs is influenced by the surface heterogeneity of
nanoparticles.”*® After that, they designed various types of
AuNPs with different surface heterogeneity but the same shape,
size, and composition (MUS, MUS/brOT, MUS/OT, MPA/brOT,
MPA/OT). The surfaces of these nanoparticles are designed to

This journal is © The Royal Society of Chemistry 2022
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be randomly distributed or alternating stripe-like. They tested
the interaction of these particles with protein mixtures and
observed the different characteristics and behaviors of AuNPs
with different surface heterogeneity when they interact with
proteins.*®” As indicated, these studies demonstrated that
tunable surface heterogeneity could be a new approach in
designing nanoparticles and predicting the fate of

nanoparticles.

5.3 Fine-tuning of the surface patterns of dendrimers to
control protein adsorption

PAMAM is the first generation of dendrimers and is currently
one of the most studied dendrimers. Through in-depth
research over the past decades, it has been applied in many
fields such as chemistry, biology, and medical treatment.>®
PAMAM forms a loose 3D spherical structure composed of
repeating units in solution, and its core, branch units, and
ends can be independently selected for flexible design.”*>® Due
to its high versatility and flexible modification, PAMAM has
broad prospects for applications in drug delivery vehicles,®
nucleic acid delivery vehicles,?*>*¢ and even the simulation of
natural proteins.'® However, the entry of PAMAM molecules
without reasonable surface modifications faces the same pro-
blems as those faced by other nanoparticles (protein adsorption
via HSA, Ig, and complement proteins and the formation of a
protein corona), significantly impacting the function and fate
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of nanoparticles.”®>** The combination of PAMAM and HSA,
which are used as drug carriers, can increase the lifetime of
PAMAM in the circulation.?®>2

At present, generation and surface chemical modification of
dendrimers have been considered to have important effects on
their protein affinity and protein corona formation.”*”**® D
son et al. found a high correlation between the generation of
cation-modified PAMAM dendrimers and cytotoxicity
(Fig. 7a).>®® There could also be a correlation between the
surface charge and particle size of PAMAM dendrimers and
other health hazard events, such as platelet aggregation and
thrombosis. Dobrovolskaia and Mcneil et al. demonstrated that
large-sized cationic PAMAM dendrimers could induce platelet
aggregation by interfering with the integrity of the cell
membrane.>”® Dawson et al. studied the relationship between
the protein corona and the relevant features of the PAMAM
dendrimer using electrophotographic mobility techniques and
SDS-PAGE and observed a strong interaction between the
complement proteins and G6 and G7 dendrimers.””*

Wang et al. systematically investigated the adsorption of
human serum albumin (HSA), immunoglobulin (Ig), and other
proteins by PAMAM dendrimers with different chemical sur-
faces using atomistic DMD simulations.>”* They used positively
charged amine (NH2), negatively charged succinamic acid (SA),
neutral hydroxyls (OH), PEG, and photosynthate (PC) to modify
the surface characteristics. This study found that these particles

aw-

’ AI{Z c3

% based on all identified proteins
e =N 6 a o

>

N s
e o 3 & 8

% based on all identified proteins.
°

% based on all identified protei
% based on all identified proteins.

%,
%,

Fig. 7 (a) Snapshots of the interaction between dendritic polymers with different surface modifications and human serum proteins (HSA) from DMD
simulations. (b) The comparison of protein coronas on PPD-coated liposomes and uncoated liposomes. Reproduced with permission from ref. 269 and
273, copyright (2018) American Chemical Society and (2020) The Royal Society of Chemistry.
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could effectively reduce protein adsorption, while the particles
on the charged surface were more likely to bind to proteins.
This result may have been due to the strong electrostatic
interaction between the charged PAMAM and the positively or
negatively charged regions of the protein surface. This study
emphasises the importance of using amphiphilic surface-
modified PAMAM to prevent protein corona formation. Giri
et al. explored the mechanism of interaction between HSA and
PAMAM dendrimers. In this study, they measured the binding
constants (Kp) of a series of PAMAM molecules to HSA in a pH
(7.4) aqueous solution using protein-coated silk particles.
Furthermore, the researchers studied the PAMAM + HSA
complex by combining 1H NMR, saturation transfer difference
(STD) NRM, and other methods to explore the specific mecha-
nism of action. The results showed a correlation between the
binding constant (K},) of PAMAM and HSA and the size of the
dendrimer, as well as the chemical characteristics of
the terminal group. They found that the electrostatic inter-
action between the charged dendrimer terminal group and the
protein residue, the hydrogen bond between the internal group
of the dendrimer and the protein residue, the hydrophobic
interaction of nonpolar dendrimers with proteins, and the
special interaction between the carboxyl group of the dendri-
mer and the fatty acid binding sites of HSA were the important
mechanisms of adsorption of HSA by the PAMAM
dendrimer.”®” All these results suggest the important influence
of the local character difference on the interaction between the
particle surface and biological environment.

PPDs are often considered to be highly hydrophobic because
of their rigid structure with multiple benzene rings, and they
are generally not considered to be strongly associated with
biological and other neighbourhoods. However, with in-depth
research in recent years, Miillen et al. made important con-
tributions to the further development and biological applica-
tion of PPDs. PPDs can be subjected to many precisely
positioned functional modifications at different structural
levels, revealing that, through reasonable preparation, modifi-
cation, and functional modification, PPDs can play a key role in
a series of practical biological applications.*** PPDs have the
characteristics of rigidity, shape durability, and accurate mod-
ification. These findings provide more possibilities and broader
development prospects for in-depth research on the interaction
of PPDs with biological interfaces, proteins, nucleic acids,
lipids, and related practical applications.

Wagner et al. used a series of PPD-coated liposomal nano-
carriers with different surface characteristics to explore the
effects of the amphiphilic surface, surface charge, and shape
durability on the adsorption of serum proteins and the for-
mation of protein coronas. They also changed and affected the
fate and orientation of liposomal nanocarriers in a biological
fluid environment by controlling the surface characteristics of
PPDs. They proved that the surface charge and hydrophobicity
of PPDs played an important role in the formation of the
liposome-protein corona, effectively reducing the adsorption
of opsonin and complement proteins and inhibiting the cell
uptake caused by related immune responses (Fig. 7b).2”*>"*
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These results suggest that one can control the biological
characteristics of nano-drug carriers by modifying the surface
of PPDs.

At present, the widely used PAMAM dendrimers often exhi-
bit strong cytotoxicity and induce adverse immune
responses.’*®*®® Compared with PPDs, they have a flexible
structure, which is likely due to the conformational rearrange-
ment of the dendrimers that causes the special sites of surface
functionalization of the dendrimers to be “folded” inward and
covered, so that they cannot exert their biological or medical
effects. PPDs have a rigid three-dimensional structure, a surface
that can be effectively and accurately designed, and functional
groups can maintain relatively accurate positions therein. The
low cytotoxicity of PPDs" and other characteristics have pro-
vided broad prospects for their practical application. At pre-
sent, in the related application and research field of PPDs, we
believe that such macromolecules can play a more important
role and have greater potential.

6. Surface patterns affect the
interaction of nanoparticles and viruses
6.1 Interaction between AuNPs and viruses

Polyanionic compounds, especially polysulphate, have received
increased attention due to their ability to inhibit various
enveloped viruses. The polysulphate AuNPs formed by combin-
ing polysulphate with AuNPs play an effective role in virus
resistance.”””> The mutual recognition and binding of polysul-
phate nanoparticles to viruses are mediated through their
binding to the coat protein or capsid protein of viruses. Based
on this, researchers often use polysulphate to change and
modify AuNPs, making them more conducive to interaction
with viruses.>’®*”” In addition to changing the surface electri-
cal properties of AuNPs, researchers can also modify the surface
substructure using specific proteins®’® or aptamers®”*?%° to
allow targeted binding to viruses. For example, Chen et al.
modified AuNPs with glucose oxidase (GOx) and concanavalin A
(ConA) to interact with ConA-glycan to bind to the H3N2
virus.”’® Le et al. connected APTA MER against the purified
HA protein of J1999V to AuNPs, so that J1999V was wrapped by
them to form visual sedimentation and realised rapid visual
detection of viruses.?*°

As a result, AuNPs can change their substructures through
surface electrical changes and ligand modifications to further
interact with the capsid protein of viruses, providing multi-
purpose tools for virus detection and removal. If we could
design some surface patterns for AuNPs to make them interact
with viruses better or more efficiently, we not only can guide the
tuning of the characteristics and functions of AuNPs, but may
also obtain new compounds with unexpected effects for anti-
viral therapy in the area of clinical treatment.

Setellacci et al. demonstrated a new anti-viral mechanism
through multivalent binding which leads to an irreversible
distortion of viruses through the design of ligands on the
surface of nanoparticles. Strong particle binding to membranes
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may result in significant local distortions. They replace the
short linkers, 3-mercaptoethylsulfonate (MES), on the surface
of AuNPs with long ones, undecanesulfonic acid (MUS), to
achieve strong multivalent binding. In vitro experiments
showed that MUS-AuNPs had good resistance to the viruses
(Fig. 8a).>®" At pH 7.4, the aspartic acid and glutamic acid
residues on the outer surface of the cowpea mosaic virus
(CPMV) capsid protein are deprotonated and negatively
charged, respectively. The polycyclic aromatic hydrocarbon
(PAH)-modified AuNPs have a positive charge. Under electro-
static interactions, CPMV- and PAH-modified AuNPs can be
effectively combined.”® Cowpea chlorotic mottle virus (CCMV)
and tobacco mosaic virus can also be combined with AuNPs via
electrostatic interactions.”®**%% Although this field is in its
infancy, the regulation methods are not precise enough, and
AuNPs with reasonable surface patterns need to be further
developed, we still believe that the concept and approaches
introduced here have a chance to guide the production of
medically relevant antiviral drugs.

6.2 Interaction between dendrimers and viruses

Dendrimers can not only be used as vectors for drugs and
nucleic acids to achieve therapeutic purposes, but also for
inhibiting virus-related functions. Conventional studies mainly
used charges to enhance the interactions between dendrimers
and viruses. For instance, dendrimers with cationic terminal
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functional groups (e.g., polylysine dendrimer, PAMAM) can
preferentially bind to HIV envelope proteins (gp41, gp120)
and related receptors (CD4 receptors) on host cells.>®® HIV
infection involves an interaction with gp120. By blocking the
formation of the CD4-gp120-chemokine receptor complex,
dendrimers can hinder HIV from binding to host cells, which
inhibits subsequent viral replication.”®” In addition, polyanio-
nic dendrimers were also reported with anti-viral activity.
Gastaminza et al. reported the effect of a class of polyanilic
carbo silane dendrimers (PCDs) as a nanotool to control the
spread of hepatitis C virus (HCV).”?®® The anti-HCV PCD
selected by them was a second-generation carbo silane dendri-
mer, which was G2-S24P consisting of a poly-core and a surface
completely covered by 24 sulfonate groups. G2-S24P may bind
to the virus envelope protein at high doses, and the electrostatic
repulsion between side-chain molecules that do not participate
in the electrostatic interaction with the envelope protein leads
to the disruption and irreversible destabilisation of the virus
envelope, during which it is likely that a large net negative
charge on the surface of G2-S24P plays a key role. The broad-
spectrum antiviral activity of PCDs also plays a role in the
treatment of HIV and herpes simplex virus (HSV) infection,
which has attracted extensive research attention.>®°>°"

Except charges, recent studies showed that the design of
proper surface patterns could allow binding of dendrimers with
viruses independent of electrostatic interactions. Wu et al

4 L \ Five sensing
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PPD3/Ad5 complexes
transduce CAR negative cells

PPDs with patterned
surface bind to Ad5
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PPDs without patterned
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Uncoated Ad5 does not
transduce CAR negative cells

Fig. 8 (a) lllustration and TEM images of the interaction between MUS:OT-NPs and the virus. (b) Scheme and TEM images of the course of the assembly

and disassembly processes of the virus regulated by dendrons. (c) Illustration of the binding of PPDs to Ad5 and change of the transduction of Ad5.
(d) Ilustration and results of the detection of DENV by a star-like probe constructed by DNA. (e) Scheme of the assembly of DNA nanocages and TEM
images of shells with a missing pentagon vertex engulfing up to three HBV core particles. Reproduced with permission from ref. 281, 258, 7 and 295,
copyright (2017), (2020) and (2021) Springer Nature and (2019) American Chemical Society.
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adopted an amphiphilic PPD with patterned alternating hydro-
phobic and hydrophilic groups to bind to the surface of
adenovirus type 5 (Ad5) which is a common nucleic acid or
drug carrier. They proved that a generation 2 PPD with a high-
density amphiphilic pattern combining hydrophilic sulfonic
acid groups and hydrophobic n-propyl chains could form a
stable PPD/Ad5 complex. Interestingly, the mutation of the
positive charges on Ad5 does not affect the binding with the
amphiphilic patterned PPD, whereas the PPD with only
negatively charged sulfonic acids on the surface also does not
exhibit affinity with Ad5. These observations strongly supported
that the binding between the PPD and Ad5 does not rely on
electrostatic interactions, but most likely depends on the
proper hydrophilic and hydrophobic pattern fitting with the
surface structures of Ad5. The PPD binds to the Ad5 surface to
form a corona structure which could also have an effect on the
specific interaction of Ad5 with the cellular coxsackie-
adenovirus receptor (CAR) (Fig. 8b). As a consequence, the
complex showed a high transduction efficiency of Ad5 in CAR
low-expression cells, which was much higher than that of AD5
without PPD3 coating. In particular, this reduced its distribu-
tion in the liver and increased its distribution in the heart. This
unique structure effectively prevented the binding of endogen-
ous blood coagulation factor X to the virus surface because PPD
masked the binding sites on the virus surface. This new idea
and method of using dendrimers with amphiphilic patterns to
regulate the viral vector brings more possibilities for the
biomedical application of PPDs.>*%27*

6.3 Ligand patterning for virus recognition DNA based
architecture interacting with viruses

DNA-based architectures are widely used for the detection and
treatment of viruses because of their low toxicity and high
programmability. Compared with a single ligand, the whole
nanoparticle has a stronger binding capacity for the surface
protein of the virus capsid after the ligand is connected to the
DNA structure.”®> However, the distribution pattern of surface
proteins of some viruses is complex, which hinders the inter-
action of nanoparticles with surface proteins and thus affects
the recognition.?**?°* Therefore, it is of great significance to
finely regulate the distribution of ligands in DNA structures
and explore their ability to recognise viruses. One of the
pioneering studies was conducted by Rinker, who provided a
paradigm for exploring the effects of the spatial distribution of
proteins.'® In 2019, Shaw et al. demonstrated that the spatial
distribution of antibodies on DNA origami determines the
affinity between the antigen and antibody, which reaches a
maximum at a distance of 16 nm.® Furthermore, Kwon et al.
proved that, in a two-dimensional structure, the appropriate
spatial distribution of ligands of specific DNA structures was
necessary for the correct recognition of viruses. In their study, a
“star’” probe was used to detect dengue virus (DENV). A probe
can bind to multiple nucleic acid aptamers. When the linked
aptamer binds to the virus surface domain EDIII, its DNA
structure is deformed to generate fluorescence signals. Kwon
et al. tried three probes at different valencies (5, 6, 7) and found
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that only the DNA pentagram-like star structure could detect
DENV. Although the other two had more aptamers, the detec-
tion sensitivity significantly diminished (Fig. 8c).”

Additionally, in a three-dimensional structure, the spatial
distribution of the ligands of the DNA structure laid the
foundation for the mode of binding to the virus. Sigl et al
assembled a series of DNA nanocages with different numbers of
subunits to isolate the invading virus from affected cells. DNA
nanocages recognise viruses by the binding of antibodies on
subunits to virus antigens, and the spatial distribution of
antibodies is regulated by subunit topology. The virus is
blocked by a semi-octahedral nanocage and a semi-
decahedral with a missing pentagon vertex nanocage. Although
the former can completely block viruses, the spatial distribu-
tion of the latter allows DNA nanocages to block multiple
viruses simultaneously, thus having a more efficient blocking
efficiency (Fig. 8d).>°> However, compared with the extensive
research on the interaction between DNA ligand patterns and
cells, research on the effect of the ligand pattern on the DNA
structure on virus recognition is still rare at present.”**>
Therefore, further research is required in this field.

7. Summary and perspective

Nanomaterials have a wide variety of sizes, morphologies,
structures and surface characteristics, and their surface pat-
terns plays a vital role in their biological effects. By adjusting
and changing the surface microstructures, nanomaterials with
pre-set functions can be designed. On the one hand, we hope
that specially designed nanomaterials can interact with biolo-
gical macromolecules, viruses, cells, etc. to achieve the desired
biological effects. For example, the design of amphiphilic sur-
face patterns has attracted increasing attention from research-
ers. Since the cell membrane has both hydrophilic and
hydrophobic regions, patchy nanoparticles with alternative
hydrophilic and hydrophobic patches could interact well with
them, which provides an important reference for surface mod-
ification of nano-drug carriers. Similarly, the surface of the
virus capsid also has hydrophilic and hydrophobic regions, and
nanoparticles with a patch-like surface have a wide range of
applications for the surface modification design of antiviral
nano-drugs and gene therapy vectors. Dendrimers can not only
provide a model for the study of protein coronas on the surface
of nanoparticles, but also contribute to the field of controllable
self-assembly of proteins.”*® Dendrimers with appropriate size
and electrical properties can serve as a “bridge” for the high-
ordered assembly of some cricoid proteins. Linking some
ligands on the surface of nanoparticles that can interact with
the surface receptors of tumor cells can improve the targeting
effects of nanoparticles. Introducing groups that are responsive
to light, pH and reactive oxygen species could endow nano-
particles with different electrical properties, polarities, and
configurations, so as to achieve the regulation of the biological
effects of nanoparticles by external conditions. For example, the
chemical conformation of polymers with light-responsive
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groups on the surface can be changed under light, thereby
causing pores in the lipid membrane, allowing the release of
drug molecules.**°

On the other hand, an in-depth understanding of the
biological effects of the properties of the surface patterns of
nanoparticles helps to avoid the rapid removal of nanoparticles
with therapeutic functions in organisms. For example, zwitter-
ion modification reduces the formation of a protein corona on
the AuNP surface which helps reduce the phagocytosis of
AuNPs by opsonin-dependent immune responses. The amphi-
philic PPD molecule can shield Ad5 from such molecules as
antibody, complement proteins and FX in the blood, so as to
prevent Ad5 from being swallowed by macrophages and endo-
cytosed by hepatocytes.

Therefore, research on the surface patterns of nanoparticles
will help researchers understand how to construct nano-
particles with different surface properties according to the
expected biological effects, so as to improve the biocompat-
ibility and targeting of nanomaterials, reduce their immuno-
genicity and removal, and provide a model for the biomedical
application of nanomaterials. The interaction between artificial
nanomaterials and biological macromolecules can provide
researchers with new perspectives in the fields of molecular
self-assembly and nano-machine construction, and promote
the development of novel materials and methods.
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