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Abstract

The interaction of nanoparticles (NPs) with biological environments triggers the
formation of a protein corona (PC), which significantly influences their behaviour in vivo.
This review explores the evolving understanding of PC formation, focusing on the
opportunity for decreasing or suppressing protein-NP interactions by macromolecular
engineering of NP shells. The functionalization of NPs with a dense, hydrated polymer
brush-shell is a powerful strategy to impart stealth properties in order to elude recognition
by the immune system. While poly(ethylene glycol) (PEG) has been extensively used for
this purpose, concerns regarding its stability and immunogenicity have prompted
exploration of alternative polymers. The stealth properties of brush shells can be enhanced
by tailoring functionalities and structural parameters, including molar mass, grafting
density and polymer topology. Determining correlations between these parameters and
biopassivity has enabled to obtain polymer-grafted NPs with high colloidal stability and

prolonged circulation time in biological media.
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1. Introduction

The fate of inorganic and organic nanoparticles (NPs) dispersed in a physiological milieu
Is strongly determined by the formation of a protein corona (PC) that alters the surface
composition and morphology of NPs, influencing their function, bio-distribution, and
degradation. The formation of nanoparticle-protein corona complexes was first
discovered by Cedervall et al. over ten years ago.! Since then, the understanding of this
phenomenon has greatly evolved and stimulated further developments in nanomedicine.
The generation of a PC on NPs has crucial implications on the opsonization process,
during which phagocytic cells can recognise and remove foreign bodies.? Opsonization
can trigger cellular uptake, recognition by the immune system and other non-specific
processes (e.g., aggregation and precipitation) that undermine the stability of NPs.>® In
addition, the interactions between NP surface and proteins in the PC can mask chemical
and biological functionalities on NPs, thus affecting their targetability and circulation
time—essential features for drug-delivery systems and therapeutics aimed at
accumulating carriers in specific tissues.®®

The formation of a PC is governed by hydrophobic, van der Waals, electrostatic, and
hydrogen bonding interactions between NPs and proteins in serum.® It is also influenced
by various parameters, including the composition of biological media, the nature and
properties of NPs. The process of protein deposition onto NPs occurs according to the so-
called “Vroman effect”, which involves a competitive adsorption of proteins that
dynamically interchange on the substrate.!%! Proteins presenting high affinity towards
NPs form a “hard corona”, where they are tightly and irreversibly bound to the
nanomaterial surface (Figure 1). Proteins with lower affinity are loosely bound to the NPs
and/or weakly interact with proteins in the hard corona, developing an outer layer known

as “soft corona”. Proteins in the hard corona has a long residence time, which facilitates
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their identification and isolation, whereas the identity and dynamics of proteins in the soft
corona is more elusive. 141> Human serum albumin (HSA) is the most abundant protein
in serum, however it displays low binding affinity towards inorganic NPs and therefore it
has been rarely identified in coronas.!® In contrast, a less abundant protein with high
affinity toward NPs such as apolipoprotein Al is classified as a hard corona protein.t’ The
composition of the PC is further influenced by the physiological media through which
NPs circulate, thus it provides a biological fingerprint of their migration path.” The nature
of adsorbed proteins profoundly affects the fate of NPs, as “dysopsonins” (e.g., HSA and
lipoproteins) prolong the circulation time of NPs in blood, while “opsonins” (e.g.,
immunoglobulins, complement proteins, coagulation proteins) promote recognition by

the immune system.*

Y = Weak binding affinity
T @ | = Short residence time
B = Fast exchange time

: = Strong binding affinity
P = Long residence time
B = Slow exchange time

Figure 1. Nanoparticle-protein corona complexes: main characteristics of hard and soft coronas.
Adapted with permission from reference *°. Copyright (2016) Future Medicine.

The functionalization of NPs with polymer shells is a common strategy aimed at
decreasing or suppressing protein binding, and conferring a stealth character, finally
ensuring that NPs elude opsonization by immune cells.>** In particular, the fabrication
of densely-grafted polymer brush shells is one of the most effective methods to modulate
the interfacial properties of NPs and their interaction with serum proteins.*® Neutral,

hydrophilic poly(ethylene glycol) (PEG) grafts have been extensively exploited to build
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highly hydrated, sterically blocking, thick shells that hinder hydrophobic interactions of
NPs with biomolecules. However, mounting evidence of incomplete suppression of
protein binding and PEG brush detachment from NP surface, together with pressing
concerns over the immunogenicity of PEGylated drugs prompted researchers to develop
alternatives.®

This review underscores the fundamental role of engineering NPs with dense polymer
brush shells to make them capable of eluding protein interactions, thus potentially
increasing their therapeutic efficacy.

We first introduce the most relevant factors determining the formation and composition
of a PC and the response of the immune system to circulating NPs. Then, the ability of
dense brush shells to shield NPs from non-specific protein adsorption and cellular uptake
is described. Generally, a concise overview of PEG and alternative polymers used to
fabricate brush shells onto NPs will be provided, highlighting the correlation between
various structural parameters and biopassivity, and focusing on the emergence of

topology as a critical tool to regulate NP fate within biological environments.

2. PC Formation and NP Interaction with the Immune System

2.1 Factors Determining PC Formation and Composition

The adsorption of proteins on NPs is influenced by the physicochemical and
morphological properties of nanomaterials, including their size, shape, composition, and
surface charge (Figure 2).2° Lundqvist et al. analysed the effect of polystyrene (PS) NP
size on PC composition, and compared bare PS NPs to amine-modified and carboxyl-
modified PS NPs of analogous size to study the influence of positive and negative surface
charges, respectively, on the PC. They observed that for 50-nm NPs, ~35-40% of proteins

were found in all PCs irrespectively of their surface charge. However, ~35% of proteins
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were strongly dependent on surface composition. Differences in PC composition were
even more significant for PS NPs with larger size.™® This study clearly showed that the
size and surface functionalities of NPs are critical factors that alter the type of
biomolecules in the corona, thereby potentially affecting the biological response to NPs,

since different proteins perform distinctive biological functions.

NP features influencing protein adsorption:

Q O size

@ © composition

+F == surface
+9+ '@- charge

Figure 2. Properties of NPs that influence the adsorption of proteins and the formation of PCs.

This was confirmed for core-shell NPs constituted by an Au core and an amphiphilic
block copolymer-based shell. The latter comprised both long, hydrophobic alkyl groups
and charged functionalities in the side chains, either negatively charged (phosphonate
groups, -PO(OH)2) or positively charged (trimethylammonium groups, -N(CHz)3).
Positively charged NPs were internalized by cells to a larger extent and with higher rates
compared to negatively charged counterparts. The greater uptake for positively charged
NPs was further associated to enhanced citotoxicity.?!

The process of protein adsorption onto NPs is also significantly influenced by
physiological factors, such as temperature, time of exposure to biological media, and
shear forces in the blood stream. Despite the latter can have important implications for
intravenous injection of NPs, only few studies addressed the impact of shear stress on PC.
PEGylated liposomes incubated with circulating serum were shown to feature a larger
variety of proteins and more negative charge when compared to similar liposomes
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incubated under static conditions.?? For PS NPs, a larger amount of proteins was recorded
on the corona formed upon exposure to blood serum circulating at flow rates consistent
with capillaries, veins and arteries. In addition, blood flow was observed to cause
conformational changes to certain proteins in the corona, thus further acting on the
biological impact of protein-NP complexes.?

Another factor to be considered for the effective translation of NP formulations from
preclinical to clinical trials is represented by interspecies differences in PC composition.
Large variations in PC profiles were identified on SiO2 NPs functionalized with PEG and
transferrin, upon incubation in the presence of either human plasma collected from
healthy volunteers or mouse plasma. In this type of NPs, transferrin act as a ligand and
promote the recognition by transferrin receptors in cancer cells. Thus, the NPs can serve
for active targeting in cancer therapies. Upon exposure to mouse plasma, the PC contained
great proportions of fibrinogen and serotransferrin, whereas exposure to human plasma
resulted in the prevalence of immunoglobulins. Thus, the biological response observed
for mouse models might be not representative, and adverse effects such as disseminated
intravascular coagulation or vascular thrombosis could be overestimated due to the
abundance of fibrinogen in mouse PC. These results highlighted that human plasma needs

to be considered for preclinical studies.?*

2.2 PC implications on interactions of NPs and immune system

The immune system is composed of lymphoid organs, cells, humoral factors, and
cytokines, and it has the vital role of defending the organism by identifying and
eliminating foreign bodies. The immune system is divided in two subsystems that operate
together, undertaking different tasks. The innate immune system provides the first, rapid

and non-specific defence against infectious agents, responding through physical and

https://doi.org/10.26434/chemrxiv-2024-53dsj ORCID: https://orcid.org/0000-0001-5253-8468 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-53dsj
https://orcid.org/0000-0001-5253-8468
https://creativecommons.org/licenses/by-nc-nd/4.0/

chemical barriers.?>-?¢ The adaptive immune system consists of antigen-specific reactions
through T and B lymphocytes. Adaptive immunity has a delayed maximal response upon
antigen exposure. However it is characterized by immunologic memory, which results in
increasingly rapid and more effective response upon repeated antigen exposure.

When NPs are circulating in the bloodstream, they can induce, inhibit or alter the response
of the innate immune system.?” NPs are generally recognized as foreign material and
processed by the innate immune system. Its response is initiated by the binding of pattern
recognition proteins and receptors, which recognize molecular patterns commonly found
on pathogens (pathogen-associated molecular patterns, PAMPs) or molecules released
from damaged cells (damage-associated molecular patterns, DAMPS). Typical molecular
motives include charge clusters, neutral sugars, and vicinal hydroxyl groups or acetyl
groups that can be present on NPs.?8-?° The presence of these motives is influenced by the
composition of the PC, which in turn determines the interactions of NPs with the immune
system.>°

Three possible scenarios can be generally identified: 1) the PC masks the NP surface
eluding recognition by immune cells or factors (i.e., dysopsonic effect); 2) the PC
facilitates recognition and elimination by immune cells, as in the case of NPs opsonised
with immunoglobulins or complement components; and 3) plasma proteins in the PC
present altered folding, thus being recognised by innate immune cells as danger signals,
inducing an inflammatory response.31%?

In the innate immunity, the complement system plays a crucial role in opsonisation
processes, and inflammatory and adaptive immune responses. The complement system
consists of over 35 inactivated proteins that can get activated when adsorbed onto a
surface. Complement activation ultimately induces phagocytosis by macrophages and

adverse reactions of clinical concern. NPs can activate the complement system through
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any of the three activation pathways. These are the classical pathway, initiated by antigen-
antibody reactions, the antibody-independent alternative pathway, activated by
polysaccharides, and the lectin pathway, stimulated by mannose-containing proteins and
carbohydrates.?” NP size, morphology, and surface physicochemical properties regulate
the complement activation pathway. By modulating the surface chemistry of
nanomaterials, it is therefore possible to modify the immune response, as it was shown,
for instance, for 20-nm silica NPs bearing amine, carboxylic acid, oxazolines, and alkane
surface functionalities. NP surfaces rich in acid groups had higher level of complement
proteins, which resulted in increased production of pro-inflammatory cytokines. In

contrast, amine rich surfaces led to increased expressions of anti-inflammatory markers.*

3. Polymer Brush Shells on NPs

3.1 Main features, functions, and fabrication methods of polymer brush shells
The fabrication and engineering of a polymer brush shell on NP cores is a prominent
strategy to increase colloidal stability and prevent recognition and clearance, by
suppressing or altering protein binding. Recently, the design of polymer shells for NPs
has been guided by the so-called “Whitesides rules”, established by systematically
comparing the chemical structures of self-assembled monolayers on NPs and their
efficiency in suppressing protein adsorptions. These rules suggest four characteristics of
protein-resistant monolayers at the molecular level: 1) presence of polar functional groups
(i.e., hydrophilicity); 2) presence of hydrogen bond acceptor groups; 3) absence of
hydrogen bond donor groups; and 4) absence of net charge.>**” Overall, an effective
polymer shell should provide a hydration layer that hinders protein adsorption.
Tethering of polymer chains to the surface of NPs creates covalent chemical bonds that

provide more effective stabilization in comparison with physically deposited polymeric

https://doi.org/10.26434/chemrxiv-2024-53dsj ORCID: https://orcid.org/0000-0001-5253-8468 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-53dsj
https://orcid.org/0000-0001-5253-8468
https://creativecommons.org/licenses/by-nc-nd/4.0/

coatings. Thus, the generation of a dense polymer brush shell that fulfils the Whitesides
rules would ensure enthalpic and entropic stabilization of NPs, preventing protein
adsorption and shielding the core from the surrounding environment.

Polymer brushes can be generated onto NPs by means of three different strategies: 1) The
“grafting to” method, whereby polymers with a reactive chain end are assembled onto the
surface of NPs forming a brush layer; 2) the “grafting from” technique encompassing the
in situ growth of polymer chains from initiator-functionalized NPs, through surface-
initiated polymerizations (SIP); and 3) the “grafting through” method, where monomer
units are anchored to the NP surface and copolymerized with free monomers in solution
(Figure 3).>° The main advantage of the grafting to method is that polymer chains can be
fully characterized prior to their attachment to the surface. However, it results in lower
density of polymeric grafts in comparison to the grafting from technique, mainly because
grafted chains limit polymer diffusion and their steric hindrance restrict further chain
attachment. Similarly, the grafting through approach is self-limiting in its nature.
Nevertheless, the properties of the polymer layer can be adjusted to some extent by
changing the density of surface-bound monomers and the polymerization conditions.
Overall, the grafting from method is the most frequently employed as it gives access to
higher film thickness and grafting densities. Continuous developments in surface-initiated
reversible deactivation radical polymerization (SI-RDRP) techniques has led to
increasingly high versatility, easiness, and precise control over the architecture,

composition, and molar mass of polymer brushes prepared via grafting from.®
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Figure 3. Approaches to graft polymers onto NPs: (a) grafting to, (b) grafting from, and (c)
grafting through.

A dense hydrated brush shell acts as a steric-osmotic repulsive interface that counteract
attractive non-specific colloidal interactions, impeding aggregation, protein binding and
cell uptake. Interactions between colloidal particles are classically described by the
Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, which considers attractive van der
Waals forces promoting aggregation, and repulsive electric double layer forces favouring
colloidal stabilization.*>*! The presence of a hydrophilic polymer brushes can introduce
a steric stabilization, which results from two effects known as entropic spring and osmotic
pressure repulsion. The first indicates the rise of entropically unfavoured configurational
restrictions when polymers are compressed to small volumes, while the second derives
from high local concentrations of polymer chains with low concentrations of solvent
molecules.*? The steric repulsion provided by hydrophilic brushes not only prevent NP
aggregation but also impede protein adsorption. Thus, the brush conformation is critical

to impart a stealth behaviour to the NPs: If polymer grafts are sparse, the resulting
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mushroom-like conformation cannot effectively prevent nonspecific binding onto the NP
surface (Figure 4). It should be noted however that the achievable grafting density is
limited by the minimum exclusion volume and intramolecular repulsive interaction

energies of the polymer.

L 8

J \;
WAL
L

mushroom brush

Figure 4. Correlation between protein interaction and conformation of polymer chains grafted
onto NPs with different grafting densities.

A wide range of polymers has been used to generate polymer brush shells onto NPs to
suppress or modulate protein adsorption. The most used and relevant polymers are

described in the following paragraphs and their structure is shown in Figure 5.
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Figure 5. Structures of representative polymers employed to fabricate brush shells on NPs.

3.2 Poly(ethylene glycol) (PEG)
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PEG is a hydrophilic, biocompatible polymer, approved for biomedical applications by
the Food and Drug Administration (FDA), and it represents the gold standard for NP
coating. When PEG chains are grafted onto NPs to yield a brush conformation, the
resulting highly hydrated and neutral shell significantly reduces protein adsorption, and
NPs acquire stealth properties with low levels of cell uptake and macrophage-driven
clearance.*** PEG has been shown to improve the colloidal stability of micelles,
liposomes, dendrimers, and several inorganic and polymeric NPs, both during storage and
in vivo applications.®®

The antifouling properties of PEG-brush shells depend on several features, such as PEG
molar mass and surface grafting density.'® > The effect of PEG grafting density on Au
NPs has been systematically studied in connection to NP size (Figure 6).% Increasing
PEG grafting density suppressed protein adsorption and changed the nature of adsorbed
proteins. For a fixed grafting density, smaller NPs resulted in increased protein
adsorption, likely due to curvature-dependent steric effects, whereas polymer chains were
more “spread out” on small NPs. The efficiency of macrophage uptake of NPs was found
to be dependent on adsorbed serum proteins, however for grafting densities exceeding

~0.64 chain/nm? serum-independent uptake was observed.

PEG density (PEG/nm?)
<0.32 —> 0.32-064 —> 0.64-0.96 —> >0.96

l na Nna AN N. a “Ana
Serum % § ﬁig
y ~

exposure : Q} A %‘E‘
e ®@Q @0 O O

serum- serum-
dependent independent

Figure 6. Increasing the density of grafted PEG chains modifies the nature of adsorbed proteins
and reduces the total protein adsorption on gold NPs. Macrophage uptake depends on the adsorbed
serum proteins for relatively low PEG grafting densities. Reprinted with permission from
reference “6. Copyright (2011) ACS Publications.
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While high grafting density is key to steric stabilization, low-density PEG grafts can
undergo conformational fluctuations that slows down the kinetic of protein adsorption.
Thus, Zhou et al. designed poly(lactic-co-glycolic acid) (PLGA) NPs with a densely-
grafted PEG inner layer and a second outer layer with variable grafting density. This was
achieved by mixing methoxy-terminated and maleimide-terminated PEG chains in the
first shell, followed by addition of methoxy-PEG-thiol, thus exploiting the thiol-
maleimide reaction to form the outer layer. The grafting density of this second layer
depended on the relative amount of maleimide-terminated PEG in the inner layer. While
high density of the inner shell was crucial, longer NP circulation times were measured
when the density of the outer layer was close to the mushroom-to-brush transition, as

chain dynamics contributed to reduce protein interactions (Figure 7).4’
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Figure 7. (a) General strategy used to generate a double PEG layer on NPs. (b) Variation in NP
circulation time in blood as a function of the percentage of maleimide (MAL) functionalized PEG
chains introduced in the primary layer, which in turn determined the grafting density of the outer
layer and its conformation. Adapted with permission from reference #’. Copyright (2018) ACS
Publications.
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Another factor that has been recently reported to critically affect the physicochemical
properties of polymer-grafted NPs and their interactions with biological entities is the
polymer architecture. The next section of this review describes the observed correlations
between brush topology and stealth properties of NPs, both for PEG and other polymer
shells.

Despite the extensive use of PEG for stealth NP design, PEG possesses several drawbacks
including low stability in biological milieus, and adverse biological effects, such as
causing cell cycle arrest and DNA damage and reducing cellular uptake of NPs.% 48
Moreover, opsonization by the third protein of the complement system can still occur on
PEGylated NPs, leading to uptake by human macrophages. In addition, PEG can undergo
oxidative degradation, thus exposing the NP core to the biological environment, and
facilitating NP recognition by the immune system.*® Further concern is posed by the
increasing production of anti-PEG antibodies as a consequence of the in vivo
accumulation of the polymer. Anti-PEG antibodies can recognize PEGylated NP
formulations, severely compromising their efficacy.!® These reasons have prompted the

scientific community to develop alternatives to PEG for fabricating stealth NPs.

3.3 Alternatives to PEG
A wide range of hydrophilic polymers are exploited to regulate pharmacokinetics and
recognition features of nanoparticle formulations. These polymers share similarities with
PEG, i.e., they are uncharged, hydrophilic, and flexible, and they can benefit from lower
cost, and higher chemical versatility compared to PEG, while providing longer circulation

times to NPs when attached to their surface.

Poly(oligo(ethylene glycol)) methyl ether methacrylate (POEGMA).
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The comb-shape polymer POEGMA consists of hydrophilic PEG oligomeric chains
grafted to a hydrophobic poly(methacrylate) backbone (Figure 5). In agueous solutions,
POEGMA exhibits a more compact conformation than PEG with similar molecular
weight. Importantly, the translation of the PEG motif from long backbones to relatively
short side chains was proved to result in reduced immunogenicity after repeated
administration.®®>? The principal drawback of POEGMA is the hydrophobic non-
degradable methacrylic backbone which can limit its widespread use in biomedicine.>
When employed for generating polymer-peptide conjugates, POEGMA resulted in
reduced steric hinderance relative to PEG, promoting increased cellular uptake of the
biomolecules.>* The non-fouling properties of POEGMA brushes in serum were reported
for a variety of flat surfaces functionalized via a grafting from approach, using surface-
initiated atom transfer radical polymerization (SI-ATRP). The resistance to protein
adsorption varied with the thickness and grafting density of PEOGMA brushes, with low
fouling behaviour observed already at relatively low grafting densities, which was
explained with the large footprint of the polymer. Resistance to lysozyme, fibronectin,
bovine serum albumin (BSA), and undiluted fetal bovine serum (FBS) solutions was
determined for POEGMA brushes with five ethylene glycol units in the side chains and
thicknesses exceeding 10 nm.%152

POEGMA brush shells were generated on magnetic FesO4 NPs via SI-ATRP achieving
grafting density as high as 0.7 chains nm. The dense shell strongly decreased the uptake
of NPs by macrophage cells.®® Similarly, block copolymers of poly(glycidyl
methacrylate) and POEGMA grafted from superparamagnetic iron oxide nanoparticles
(SPIONS) conferred high dispersibility and stability in aqueous solutions to the NPs,
while also avoiding macrophage uptake in in vitro studies, as a result of the outer PEGMA

shell. Finally, POEGMA-grafted-SiO> NPs with a grafting density of approximately 0.5
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chains nm* and POEGMA molecular weight of 50 kDa displayed very low adhesion to a

human epidermal cell line and to soft epithelial tissue samples.>®

Poly(2-alkyl-2-oxazoline)s (PAOXAs) and poly(2-alkyl-2-oxazine)s (PAOZIs).
Poly(2-alkyl-2-oxazoline)s (Figure 5) are biocompatible, hydrophilic polymers, generally
synthesized with pre-determined molecular weights and narrow molecular weight
distributions via cationic ring opening polymerization (CROP). By varying the
polymerization initiator, terminating agent and the alkyl group in the oxazoline monomer,
various functionalities can be precisely installed in PAOXA chains. The hydrophilicity
of PAOXAs decreases with increasing the length of the alkyl side chains. Poly(2-methyl-
2-oxazoline) (PMOXA) and poly(2-ethyl-2-oxazoline) (PEOXA) are comparable to PEG
in terms of water-solubility, biocompatibility and ability to repel proteins.® 3"5” PAOXAs
feature enhanced chemical stability compared to PEG, due to the polyamide backbone
which is less prone to hydrolytic and oxidative degradation than the ether functionalities
in PEG. Comparison of PEG and PMOXA brushes grown from macroscopic surfaces
with identical grafting density and dry thicknesses revealed similar protein repellent
properties upon exposure to physiological media, indicating that brush-protein
interactions are mainly dictated by conformational entropy, and they are independent on
the polymer nature. However, PMOXA-coated surfaces exhibited better oxidative
stability and retained antifouling behaviour upon long-term exposure.585°

The protein adsorption in serum was compared for 10-30 nm poly(organosiloxane) (POS)
NPs with PEG and PEOXA shells. Thiol-terminated polymer chains were attached to the
NP surface by reacting with maleimide functionalities, via a grafting to approach. The
PEOXA shell provided comparable stabilization as PEG, with diminished protein

interactions (Figure 8), significantly decreasing non-specific cellular uptake by
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macrophage-like and endothelial cells.%° Poly(2-isopropyl-2-oxazoline) (PiPOXA) and
PEOXA brush shells with high grafting densities of 0.9-1.3 chains nm were fabricated
on ~10 nm SPIONs by grafting to using a nitrocathecol linker.®* While high grafting
density was paramount to achieve stealth behaviour, a small number of albumin protein
inevitably adsorbed, as measured by isothermal titration calorimetry (ITC).16 62 This was
also verified for similar NPs with PEG and poly(N-isopropyl acrylamide) (PNIPAM)
shells. Interestingly, the lower critical solution temperature (LCST) of PAOXA-grafted
NPs was at least 10 °C lower than the values measured for the corresponding free polymer
solutions. When exposed in serum at temperatures above their LCST, the NPs started to

aggregate, loosed their stealth properties and were recognized by HelLa cells.5!

Naked particles s
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Figure 8. Uptake of PEG- and PEOXA-g-poly(organosiloxane) NPs in ISO-HASL1 cells after
exposure for 60 min. in serum-free (left) and in serum-containing medium (right). Scale bar 10
um. Adapted with permission from reference . Copyright (2016) Wiley-VCH.

Recently, PLGA NPs modified with mannose-functionalized diblock-polyoxazolines
(poly(2-butyl-2-oxazoline)-block-PMOXA) were employed to build a nanovaccine
platform capable of generating antigen-specific T-cell responses that control tumor
growth. Their efficacy was greater than for analogous nanovaccines based on PEG.® It

should be noted however that Tavano et al. reported evidences of human complement
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activation by PMOXA-coated NPs, leading to NP recognition by leukocytes and
monocyte-derived macrophages. This contrasts with the reported stealth behaviour in
murine and mouse models, and highlights the need for interspecies studies.*®
Poly(2-alkyl-2-oxazine)s (PAOZIs, Figure 5) represent intriguing alternatives to
PAOXAs, as they can exhibit comparable hydrophilicity, while showing higher main-
chain flexibility than corresponding PAOXAs. In particular, poly(2-methyl-2-oxazine)
(PMOZI) brushes hydrate similarly to the most hydrophilic poly(2-methyl-2-oxazoline)
(PMOXA) simultaneously featuring a more flexible chain.®* Morgese et al. studied the
protein resistance of macroscopic SiO surfaces coated with poly(L-lysine) (PLL)-g-PEG,
PLL-g-PMOXA, PLL-g-PEOXA, and PLL-g-PMOZI when subjected to human serum
(HS) and FBS. PMOZI brushes surpassed the other substrates, reducing protein fouling
by ~97% and preventing unspecific cell adhesion.®® Subsequent studies found even
greater protein resistance for poly(2-ethyl-2-oxazine) (PEOZI) brushes, likely due to
larger steric effects and flexibility with increasing the side-chain length.®

Polymeric NPs including PAOZI-based coatings have been fabricated by exploiting
different nanoprecipitation strategies.®” Crystallisation-driven self-assembly of PiPOXA-
b-PMOZI block copolymers enabled to prepare rod-shaped NPs with a PMOZI shell. The
elongated NPs tested in vitro showed excellent biocompatibility and suppression of non-

specific cellular adhesion.®®

Poly(meth)acrylamides (P(M)As).

Polyacrylamides are hydrophilic polymers that have received increasing attention, owing
to their biocompatibility, and antifouling properties. PNIPAM (Figure 5) is a
thermoresponsive polymer with a LCST of T = 32 °C. This property influences the

colloidal stability and protein adsorption of NPs coated with PNIPAM shells, depending
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on the temperature of incubation in serum. For PNIPAM-g-SPION, a significant increase
in protein binding was observed when raising temperature above the LCST.!® Different
PC composition was observed for PS-PNIPAM core-shell NPs incubated in human
plasma at 25 °C and above 37 °C. In particular, the NPs incubated at the lower
temperature showed an enrichment in apolipoprotein J (i.e., clusterin) in their PC, which
resulted in strongly decreased uptake by different cell lines.5®
Poly(N-(2-hydroxyethyl)acrylamide) (PHEAA) was grafted from polystyrene NPs via
photopolymerization to yield colloidally stable dispersions in model media and in FBS.
Very few albumin units were found to be entrapped in the PEAA shell, highlighting the
stealth properties of the modified NPs. Relevantly, block copolymers of polyacrylic acid
and PHEAA grafted from PS NPs via a photoiniferter approach provided showed a
significant reduction of BSA adsorption only when PHEAA composed the outer shell
layer.”® In other studies, block copolymers comprising a block of poly(N-(2-
hydroxypropyl) methacrylamide (PHPMA) were employed to fabricate NPs that
efficiently hindered interactions with different protein types.’*"?

It is important to emphasize that PEAA and PHPMA have the advantage of bearing
hydroxyl groups in the side chains for further functionalization or conjugation with
biomolecules, thus serving as potential drug carriers.”® Noteworthy, PHPMA
demonstrated an excellent preclinical efficacy as a carrier for chemotherapeutic drugs,
however the toxicity of acrylamide monomers raise concerns over the extensive use of

PAs in therapeutics.*?

Polypeptoids.
Poly(sarcosine) (PSar, Figure 5) is a nonionic, highly hydrophilic polypeptoid based on

sarcosine, a natural amino acid that can be found in muscle tissues. PSar and its
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derivatives are generally synthesized by ring opening polymerization (ROP) of N-
carboxyanhydrides. PSar containing disulfide functionalities were synthesized by ROP
of sarcosine-N-thiocarboxyanhydride and then grafted onto Au NPs and compared with
analogous NPs presenting PEG grafts. PSar brushes with a molecular weight of ca. 5 kDa
provided superior colloidal stability and protein resistance upon incubation in 10% FBS
solution when compared to their PEG-coated counterparts.’

Interestingly, a more hydrophobic shell composed of random copolymers of PSar and
poly(N-butylglycine), obtained by ROP of sarcosine- and N-butylglycine-N-
thiocarboxyanhydrides with molecular weight of 13.6 kDa showed lower colloidal

stability and increased accumulation in cells (Figure 9).
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Figure 9. (a) Schematic illustration of surface modification of citrate capped AuNPs with
disulfide functionalized PSar. (b) Structure and molecular weight of PSar polymers and PSar-
poly(N-butylglycine) copolymers used for AuNPs’ functionalization, and (c) NPs’ uptake in
endothelial cells as a function of the incubation time. Adapted with permission from reference "
Copyright (2016) Elsevier.

Molecular dynamic simulations were applied to rationalize the interaction of various
polymers with HSA and revealed that polyalanine—isomeric to PSar—has a much higher
propensity toward protein adsorption. This cannot be ascribed to larger interaction energy

with the protein or different patterns of interaction with the surface amino acids, but it
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was rather attributed to the different mode of interactions of the two polymers with water,
whereby PSar shows a lower tendency to diminish surface exposure to water molecules
by adsorbing proteins.”

Wang et al. designed a library of branched peptoid oligomers comprising two types of
functional monomers with primary amine (6 or 12 units per oligomer) and
triethyleneglycol side chains in different numeric ratios and arrangements. The oligomers
were assembled on Au NPs exploiting the covalent binding of amines to Au surfaces and
electrostatic interactions with citrate groups on Au. The oligomer providing better
colloidal stability was attached with a grafting density of 0.13 chains nm2 and a shell
thickness of 1.5 nm. Oligopeptoid-coated NPs exhibited stealth properties and stability
comparable to analogous NPs coated with PEG (2 kDa), both under molar salt
concentration, following freeze/thaw treatment, and upon exposure to a wide range of
pH."®

Relevantly, when PSar was grafted on liposomes, the accelerated blood clearance
typically observed for PEGylated liposomes was significantly suppressed. In addition,
PSar grafted from lipid nanoparticles (LNPs) provided a dense, stealth shell and higher
transfection efficacy in comparison to PEGylated LNPs.”’

Consecutive ROP and reversible addition-fragmentation chain-transfer (RAFT)
polymerization enabled to build block copolymers that self-assembled into a variety of
nanobjects, where the outer PSar layer ensured good colloidal stability in physiological
media.”® These results highlighted the versatility of polypeptoids and their compatibility
with various synthetic methodologies that together with biopassivity and non-

immunogenicity make these polymers highly promising replacements for PEG."®

Poly(phosphoester)s (PPES).
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Poly(phosphoester)s (Figure 5) are a class of water-soluble and degradable polymers with
high chemical modularity owing to the presence of pentavalent phosphorous in the main
chain, which allows for tuning the polymer properties by changing the lateral group. A
seminal study compared the PC on 100-nm PS-based NPs with PEG (2 kDa and 5 kDa)
and poly(ethyl ethylene phosphate) (PPEP, 7.6 kDa), prepared via anionic ROP of a cyclic
phosphonates. A grafting to strategy was adopted by reacting N-hydroxysuccinimide-
functionalized-polymers with amine groups on the surface of PS-based NPs, obtaining
about 2000-4000 polymer chains per particles. Upon incubation with human plasma, all
functionalized NPs exhibited a remarkable decreased in protein adsorption in comparison
with bare PS NPs. Clusterin was found to be the main component of the PC on all
functionalized NPs, which has a dysopsonizing function inhibiting macrophage uptake.®
The effect of PPE hydrophilicity on the PC composition was subsequently investigated
by grafting onto PS NPs random PPE copolymers based on 2-ethyl-2-oxo-1,3,2-
dioxaphospholane and  2-n-butyl-2-oxo-1,3,2-dioxaphospholane. The increased
hydrophobicity did not affect the amount of adsorbed proteins, however cellular uptake
was strongly enhanced (Figure 10) as the composition of the PC changed with a decrease
in the amount of adsorbed clusterin.® Hydrophilic PPE-grafted PS NPs showed also good

blood compatibility irrespectively of the polymer molar mass.®
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Figure 10. Cellular uptake of pristine and polymer-coated polystyrene NPs (PS NPs) after plasma
incubation. (a) Flow-cytometry analysis. Values expressed as the mean = SD of triplicates. (b)
and (c) Confocal laser scanning microscopy images. The cell membrane was stained with
CellMask Orange and pseudocolored in red; PS NPs were pseudocolored in green. Scale bars: 10
pum. These results demonstrated that a greater hydrophilicity decreases cellular uptake. Reprinted
with permission from reference 8. Copyright (2018) Wiley.

The role of PPE hydrophilicity was further investigated in block copolymers of poly(e-
caprolactone) (PCL) and PPEs with different pendant groups (2-methoxyethyl-2-oxo, 2-
methyl-2-oxo, 2-ethyl-2-oxo, 2-propyl-2-0x0). A nanoprecipitation approach provided
NPs with a size of ~40 nm and PPE shells. In 10% FBS solution, the NPs showed greater
colloidal stability and stealth behaviour with increasing the PPE hydrophilicity. The
cellular uptake also decreased with the polymer hydrophilicity, therefore mixed
nanoparticles with both 2-methoxyethyl-2-oxo and 2-methyl-2-oxo groups in the PPE
shell provided the best balance between stability and effective uptake by tumor cells,

demonstrating that the fine tuning of polymer structure is key to therapeutic efficacy.®®

Polyglycerols (PGs).
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PGs are biocompatible and multihydroxy-functional polymers that can be synthesized
with different architectures depending on the employed monomer and polymerization
conditions. Hyperbranched PG (Figure 5) are obtained by anionic ROP of glycidol, while
linear PGs are generally synthesized from protected glycidol derivatives and they have
been extensively used for bioconjugation and for the fabrication of degradable
biomaterials.2* PG-grafted SPIONs were prepared by directly initiating the anionic ROP
of glycidol from the hydroxyl groups on the SPION surface. The PG layer had a thickness
of approximately 9 nm and provided excellent stability to the particles in physiological
media.®> When PG-grafted-SPIONs (with grafting densities of 2-7 PG monomers nm-)
were compared to PEG-grafted-SPIONs (5 kDa, ~5 chains nm™), PG provided better
protein resistance and lower macrophage uptake. These excellent antifouling properties
were attributed to the hyperbranched structure of PG and the use of a grafting from
approach that enabled the formation of a denser shell in comparison to that obtained by
grafting to of PEG.% The presence of multiple -OH groups in PG was later exploited to
introduce different functionalities, specifically carboxylate, sulfate and ammonium
groups, to study their influence on PC composition. The introduction of sulfate at low
density and carboxylate groups did not alter the antifouling behaviour even in 55% FBS.
In contrast, high density of sulfate groups and ammonium functionalities resulted in

protein association which led to high cellular uptake.®®

Zwitterionic (ZI) polymers.

ZI1 polymers consist of positively and negatively charged groups linked by a small carbon
chain, typically located in the side chains. Thus, ZI polymers present an overall neutral
charge, and they are highly hydrophilic, due to the strong hydration of charged groups.

Sulfobetaine methacrylate (SBMA, Figure 5) is one of the most employed ZI monomers,
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which has been grafted from the surface of various NPs through SI-RDRPs. Depending
on the molar mass and grafting density of PSBMA brushes, the hydrophilicity of the shell
can largely change, thus affecting the stability of the NPs. PSBMA-grafted-SiO> NPs with
core size of 50 nm and brush grafting density of 0.3-0.4 chains nm2, but with molar mass
varying from 6 to 13 kDa, exhibited an upper critical solution temperature (UCST) in
aqueous solution. The UCST increased with increasing the brush molar mass, due to
enhanced intra- and interchain associations of the sulfobetaine groups.®” Nevertheless,
when incubated in BSA solution at 37 °C, which was higher than the UCST of all samples,
the NPs showed long-term stability and resistance to protein adsorption.

The protein resistance of NPs decorated with different ZI polymer brushes were compared
by grafting polymethacrylates or polymethacrylamides bearing SB, phosphorylcholine
(PpC) or carboxybetaine (CB) functions (Figure 11) to CdSe/CdS/ZnS quantum dots via
reactive vinylimidazole groups. Upon incubation in human serum, no PC could be
detected on SB-coated NPs, while reversible adsorption of proteins or partial aggregation
was identified for PpC- and CB-coated NPs. Moreover, the introduction of additional
charged groups in SB-coated NPs led to protein aggregation, where the addition of neutral
moieties such as biotin preserved the antifouling ability.®® Nevertheless, ZI
polymethacrylates with PC functionalities in the side chains were recently conjugated to
lipids to form LNPs that demonstrated stealth behaviour and long-term stability in FBS

solutions.®
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Figure 11. Structure of the sulfobetaine (SB), carboxybetaine (CB) and phosphorylcholine (PpC)
polyzwitterions; average number of BSA equivalents adsorbed per QD within the hard corona,
and QD hydrodynamic radius determined by fluorescence correlation spectroscopy as a function
of BSA (black squares) concentration and whole human serum, HS (red circle). Red arrows reflect
an aggregation of the QDs. Adapted with permission from reference . Copyright (2019)
Elsevier.

The water uptake of ZI polymers tend to increase with decreasing the linker length
between opposite charges. This observation has guided the synthesis of a ZI monomer
carrying a timethylamine N-oxide (TMAO) group in the later chain. TMAO is a small
organic osmolyte present in saltwater fishes. The resulting polymer brushes grafted onto
macroscopic surfaces showed excellent non-fouling properties. Moreover, PTMAO-
conjugated proteins exhibited minimal immunogenicity and extended circulation time,
indicating that PTMAO is a highly promising candidate that could be explored for stealth

NP therapeutics.%

Polysaccharides.
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Polysaccharides are natural polymers, biocompatible, biodegradable, and non-toxic.
Chitosan, alginate, dextran, and hyaluronic acid are the most studied for fabricating
polymer materials that find application in biomedicine.®* Emulsion procedures have been
largely employed to prepare core-shell NPs comprising a poly(alkylcyanoacrylate) core
and chitosan or dextran-based shells arranged in a brush conformation. By increasing the
length of dextran brushes, reduced interactions with complement proteins were observed
upon exposure to human serum. Molar masses of at least 10 and 30 kDa were necessary
to prevent complement activation on dextran and chitosan, respectively.®? Importantly,
the molecular features of dextran shells were found to strongly influence the extent of
complement activation and its specific pathway. On the one hand, dense but thin shells
(dextran molecular weight of 17.7 kDa) prevented adsorption of large proteins like
immunoglobulins. On the other hand, long brushes (dextran molecular weight of 67 kDa)
efficiently entrapped some proteins, shielding their interactions with complement
proteins, in the case of sufficiently dense shells.*® Similar NPs with heparin-based shells
were effective even at lower polysaccharide molar mass, due to the inhibiting activity of
heparin on complement system activation. Emulsion and nanoprecipitation techniques
were also developed to produce poly(lactic acid) (PLA) NPs with more dense dextran-
based shells, exploiting click reactions between a-alkyne PLA and Ns-functionalized
dextran.%

Other polymers.

Poly(N-vinylpyrrolidone) (PVP, Figure 5) is a hydrophilic polymer that has been
employed as a cryoprotectant for cells and lyoprotectant for proteins. A comparison of
PVP (4.8 kDa)-coated and PEG (1.7 kDa)-coated PLA NPs prepared by emulsion
polymerization revealed higher levels of opsonizing proteins in the PC of PVP-coated

NPs, which led to more significant macrophage uptake.*> However, when polymer NPs
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were prepared by self-assembly of PCL-b-PVP block copolymers with different length of
the PVP block, the latter was found to play a key role on the stealth properties of the
nanoobjects. Increasing the molar mass of PVP from 3kDa to 12 kDa led to substantially
reduced cytotoxicity and protein adsorption in BSA solutions.%

Polymers containing sulfoxide groups have recently gained attention for their hydrophilic
nature. In particular, poly(2-(methylsulfinyl)ethylacrylate) (PMSEA, Figure 5) was
employed for coating iron oxide NPs and the generated core-shell systems were studied
in comparison to poly[(oligoethylene glycol)methyl ether acrylate] (POEGA). Polymer
brush shells were fabricated on IONs via a grafting to strategy from diphosphonate-
terminated polymers with a similar degree of polymerization. PMSEA was shown to
significantly outperform POEGA in terms of NP colloidal stability in FBS, protein

resistance and low-toxicity.%’

4. The influence of polymer topology on stealth properties
Compared to their linear counterparts, star, cyclic, dendronized, and hyperbranched
polymers have smaller hydrodynamic size, which has a critical effect on their transport
in fluids and particularly through the body, if they are to be used for chemotherapies.®
Architectural features of a polymer including its hydrodynamic size, molecular
conformation, chain flexibility, and branching can influence its interaction with
extracellular matrix and cells within tissues, as well as its removal from the body through
the kidneys and intestines.®® While considerable progress has been made in understanding
the effects of polymer architecture on polymer drug-carriers, the relevance of topology
for densely grafted polymer assemblies tethered to NPs has only emerged in recent

years.%0
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The intense focus on PEGylated NPs and the drive to mitigate the drawbacks associated
with PEG have spurred research into topological effects. The behaviour of PLA NPs
obtained by self-assembly of PLA-PEG (5 kDa) copolymers with linear, linear-dendritic
and bottlebrush architectures was evaluated in buffered media, and in the presence of
HSA and FBS. PEG exposure increased with increasing the molecular weight of PEG for
the linear architecture and was high for the other configurations. All NPs were colloidally
stable even at elevated temperature, with the brush system showing enhanced
performance. In all cases, the steric stabilization enabled to shield the NPs from proteins
in HSA.1%! Topological effects of polysaccharide shells on polymeric NPs were also
examined. When chitosan and dextran grafts were arranged in loops, an increase in
protein adsorption and complement activation was measured with increasing the length
of polysaccharide chains. This was attributed to the higher exposure and availability of
reactive groups that could interact with proteins. In contrast, the brush configuration
resulted in a lower number of exposed reactive groups, thus reducing protein adsorption.?
Cyclic polymers are characterized by unique physicochemical properties that stems from
their topology and from the absence of chain ends. Polymer micelles constructed from
block copolymers comprising cyclic segments presented higher colloidal stability than
their linear counterparts and enhanced drug encapsulation capability.}%? Cyclic PEOXA
brushes on macroscopic surfaces exhibited a more compact conformation, smoother
interface, higher swelling ratios and solvent uptake compared to their linear analogues.®
In addition, the smaller hydrodynamic radius of ring PEOXASs enabled to generate denser
brush layers which created a more efficient steric barrier that suppressed protein
adsorption.®®

To highlight the effect of polymer topology on the properties of core-shell systems silver

NPs were functionalized with cyclic PEG (cPEG) and compared to Ag NPs functionalized
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with linear PEG chains terminated with either hydroxyl or methoxy groups. The cPEG-
Ag NPs exhibited lower and more uniform particle size. 1** On gold NPs, cPEG brushes
formed a thicker layer than the linear counterparts, resulting in enhanced stabilization
even when the NPs were frozen, lyophilized, and heated.%®

Our group demonstrated that cyclic PAOXAs can form ultra-dense shells that protect NP
cores from interacting with proteins. Linear and cyclic PAOXAs with different molar
mass (5-6 kDa and 10-11 kDa) and bearing nitrocatechol anchors were used to
functionalize SPIONs. Lower hydrodynamic radii and 70-80% higher grafting densities
were measured for the NPs with cyclic brush shells. These thin and ultra-dense shells
provided substantially enhanced long-term colloidal stability and effectively prevented
BSA adsorption.® Further studies on SPIONs with dense shells constituted by linear or
cyclic PEOXA brushes (Figure 12) by means of ITC and Dynamic Light Scattering (DLS)
proved that cyclic PEOXA chains completely suppressed protein adsorption,
outperforming their linear analogous which weakly interacted with HSA.3 16 The stealth
behaviour was maintained when the shell hydration was decreased by raising the
temperature to the LCST of the cyclic PEOXA brush. These findings demonstrated the
great potential of polymer bushes with cyclic topology for engineering NPs and promote

their long circulation time in physiological media.

30

https://doi.org/10.26434/chemrxiv-2024-53dsj ORCID: https://orcid.org/0000-0001-5253-8468 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-53dsj
https://orcid.org/0000-0001-5253-8468
https://creativecommons.org/licenses/by-nc-nd/4.0/

<hE
N\7 El~l§ N
o]
3 }(NH ; NIN\“‘J’ &
o o N A o 2
) HN O;N
HN- O;N v \\\Q
/ OH \
@ Ow B (b) co (b
OH { o)
F%a’f} 3 Fe'"&i 2
S Ze o C AT
) »4«/3‘”,/. M ‘<(;.)-1.‘/‘/
b7 | ¥ \‘
¥ \‘ X ¢ "

Figure 12. SPIONs coated with linear (a) and cyclic (b) polymer brushes. The cyclic topology
effectively suppresses HSA from interacting with the NP core. Reprinted with permission from
reference 3. Copyright (2020) ACS Publications.

5. Conclusions and perspectives

The functionalization of NPs with dense, hydrated, and thick polymer brush shells
represents the most convenient method for diminishing protein adsorption and increasing
their stability and circulation time in biological media. While PEG has been the polymer
of reference for providing nanocarriers with stealth properties, pressing concerns over
PEG immunogenicity have spurred the investigation and development of alternative
polymers. ZI polymers, polysaccharides, PPEs, PAOXAs, PGs and others have been used
to confer NPs comparable or even better performance then PEG.

Furthermore, the ability to modulate polymer topology has expanded the synthetic
toolbox for regulating the physicochemical interactions of NPs with the surrounding
environment. The dispersity of polymer brushes is another parameters that can be
modified to tailor technologically relevant properties of polymer-functionalized
materials.'® The distribution of chain length of polymer brushes, including both the main
chain and the side chain, can substantially alter the hydration properties of the brushes.%
107 However, the impact of polymer brush dispersity on the response to biological

environments remains underexplored. In perspective, the capability to finely control the
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homogeneity of brush shells can represent another powerful means for regulating the
interactions of nanocarriers with proteins and cells.

Increased understanding of the PC has made clear that the corona represents a biological
fingerprint of a NP, which can provide important information on the protein source. This
observation has inspired the development of the concept of “personalized” PC, which was
based on the recognition that changes in plasma protein concentrations and structures
mediated by different diseases affect the formation of the PC on a NP. Thus, the PC can
be exploited as a sensor array platform for the early detection and identification of
diseases.181% |n this context, the ability to install selected functionalities onto NPs by
engineering the composition of a polymer shell can become the key to enhance the
diagnostic or therapeutic potential of NPs for biomedical applications. Tailored
functionalities introduced within polymer shells can allow for controlling protein
adsorption on NPs, rather than suppressing interactions. In turn, the ability to control the
interaction with proteins can enable to direct NPs toward targeted locations, such as tumor
cells. As an example, polymer nanocarriers coated with adsorbed mannosylated PPEs
were designed to take advantage of mannose groups as targeting ligands for triggering
cellular recognition by monocyte-derived dendritic cells. While PPE provided stealth
properties, mannose moieties served as dendritic cell targeting units, which can
potentially lead to precise drug delivery.'® Furthermore, selected proteins can be pre-
loaded onto the polymer shell of coated NPs to regulate their biological fate.®

In conclusion, the fine tuning of polymer shells opens promising avenues for advancing
the diagnostic and therapeutic capabilities of nanoparticles in biomedical contexts,

ultimately paving the way for more precise and effective drug delivery systems.
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