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Biomacromolecular therapeutic agents, particularly proteins, antigens, enzymes, and nucleic acids are
emerging as powerful candidates for the treatment of various diseases and the development of the
recent vaccine based on mRNA highlights the enormous potential of this class of drugs for future
medical applications. However, biomacromolecular therapeutic agents present an enormous delivery
challenge compared to traditional small molecules due to both a high molecular weight and a sensitive
structure. Hence, the translation of their inherent pharmaceutical capacity into functional therapies is
often hindered by the limited performance of conventional delivery vehicles. Polymer drug delivery
systems are a modular solution able to address those issues. In this review, we discuss recent

Received 10th August 2021 developments in the design of polymer delivery systems specifically tailored to the delivery challenges of

biomacromolecular therapeutic agents. In the future, only in combination with a multifaceted and highly

tunable delivery system, biomacromolecular therapeutic agents will realize their promising potential for

DOI: 10.1039/d1cs00686j

Open Access Article. Published on 11 November 2021. Downloaded on 6/13/2026 6:42:16 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/chem-soc-rev

1. Introduction

The use of biological macromolecules, such as peptides, proteins,
and nucleic acids as therapeutic agents is emerging as a powerful
option for treating diseases like cancer, immunological and infec-
tious diseases, or metabolic disorders. One of the cornerstones of
the efficacy of this new class of drugs relies on their high specificity
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the treatment of diseases and for the future of human health.

leading to highly decreased off-target effects."™ New treatments
based on those biological macromolecules have benefited from
extensive advances in molecular biology, which enabled the large-
scale production of such delicate biomolecules. This increased
availability now offers an alternative to traditional small synthetic
molecules, which often display both a low specificity and toxic
side-effects in healthy tissues.”

Given the unique advantages of biomacromolecular drugs
over small molecule therapeutic agents, their implementation
in new treatment strategies represents one of the most promising
fields of development in biochemical and pharmaceutical science.
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Despite the remarkable potential of biomacromolecular thera-
peutic agents (BTAs), only a few examples of such treatments have
successfully translated to clinical practice. The successful
examples include insulin for the treatment of diabetes,” soma-
tropin used in growth hormone therapy,® or monoclonal anti-
bodies approved for the treatment of cancer and other diseases.”
In fact, among the more than 20 000 drugs currently approved by
the FDA, less than 2% of them are BTAs.® Although recent
research developments have improved the efficiency of treatment
based on the use of BTAs, successful clinical outcomes are rare.
One of the crucial challenges currently encountered in many
clinical trials is the inadequate and off-target delivery of these
therapeutic agents.>”'® In particular, several studies attributed
the failure of treatments based on the use of BTAs to their
presumably poor delivery mechanism."

Amid today’s global health crisis caused by the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), the need to
design appropriate delivery systems for BTAs is more evident
than ever. The new vaccines against COVID-19, like those
developed by Pfizer/BioNTech and Moderna deliver the genetic
sequence of the viral protein in the form of mRNA to the host
cell.' The mRNA induces the expression of the virus protein
and leads to immunity against the original virus. However,
using mRNA alone would lead to low efficacy, as mRNA is easily
degraded by RNAses during circulation in the blood and cannot
efficiently cross the cellular membrane due to its large size.'®
If the mRNA vaccine formulation has been successful, it is in
part due to the delivery vehicle, a lipid nanoparticle, a great
achievement of nanotechnological engineering in and of itself,
used as the delivery system.'® The encapsulation of the mRNA
in the cationic lipid nanoparticles allows to protect the RNA
from extracellular RNases and facilitates the uptake and endo-
somal release of the gene in the targeted cells. However, both
the limited stability of the vaccine and the difficulties in scaling
up the production are mainly associated with the ionizable
lipid nanoparticles used as the delivery vehicle for the mRNA."”
It is clear that the scientific success of these vaccines providing
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a way out of the global crisis results from a strong collaboration
between bio- and nanotechnology. This success also clearly
displays the potential and benefits of biomacromolecular thera-
peutics but also highlights the urgent need for the design of
efficient, stable, and versatile delivery systems for those
molecules.'® Polymer-based drug delivery systems are being
used in an increasing manner. In the last few decades, the first
examples of those systems were successfully translated from
the labs to the clinical applications, for both the delivery of
small molecules (e.g., Atridox® an antibiotic, Abraxane®™ used
in the treatment of breast and lung cancer, Sublocade® used to
treat opioid addiction) and biomacromolecular therapeutic
agent (e.g., Oncaspar® to treat leukemia)."*** Some of the
challenges faced in the design of new polymer DDSs for bio-
macromolecular therapeutic agents are shared with the DDSs
design for small molecules. The continuing success in trans-
lating polymer DDSs toward clinical applications hinges both
the design of more effective and efficient DDSs and the
standardization of the production processes.**

Here, we highlight the challenges for the delivery of bio-
macromolecular therapeutics and the solutions polymer nano-
carriers may provide for their delivery. Although the prominent
success of the mRNA delivery in COVID-19 vaccines was accom-
plished with lipid-based nanocarrier, multiple smart polymer
nanostructures are emerging as effective alternatives. Such
drug delivery systems (DDSs) provide unmatched diversity
and control in their design. In the review, we define nano-
carriers as structures used to deliver the drug to desired tissues,
organs, cells, and subcellular organs and potentially released
the drug in a determined manner. The usual purpose of
nanocarriers is to improve the pharmacological properties of
the therapeutic drugs and to overcome challenges such as
limited stability, low bioavailability, poor biodistribution,
or the lack of selectivity. Excellent reviews on the general use
of polymer nanostructures in drug delivery can be found
elsewhere,?*” here, the focus is on their use in the delivery
of biomacromolecular therapeutics such as proteins, enzymes,
and oligonucleotides.

2. Understanding the challenges in the
delivery of active biomacromolecular
therapeutic agents

The unique performance of treatments based on BTAs arises
from the combination of their composition and structure.
However, the structure of large biological molecules such as
proteins and nucleic acids is complex. Due to natural evolution,
the sequence of the individual building blocks is hierarchi-
cally defined and adapted to the inherent biological function.
Moreover, the functionalities of those molecules depend not
only on the primary structure, their chemical composition but
also on the secondary, tertiary, and quaternary structures,
i.e., how the molecules are folded and organized in complex 3D
assemblies.”® Many non-covalent forces such as hydrogen
bonds, van der Waals, electrostatic or hydrophobic interactions

Chem. Soc. Rev., 2022, 51,128-152 | 129


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cs00686j

Open Access Article. Published on 11 November 2021. Downloaded on 6/13/2026 6:42:16 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

are present throughout the molecule and arrange the sequence
of the building blocks in a specific three-dimensional folding.?
It is this unique structure that defines the activity and specifi-
city of the BTAs.>*°

One of the crucial challenges in the delivery of BTAs is to
preserve this inherent sensitive structure of the BTAs during
the delivery process.’' In general, biological macromolecules
are vulnerable to the loss of their structure due to the effect of
physicochemical triggers such as temperature, pH value, and
the ionic strength of the surrounding environment. Those
conditions can disrupt the specific intra- and inter-molecular
interactions based on labile forces responsible for their
complex structures. These physicochemical cues can cause
aggregation, deamidation, isomerization, hydrolysis, oxidation,
and denaturation, resulting in the irreversible loss of biological
activity. Moreover, the primary structure also needs to be
protected since it can be subjected to enzymatic degradation
in vivo. Various proteases and nucleases found in the biological
media can degrade the molecules into smaller fragments.****
This is a critical factor that leads to short in vivo half-life times,
ranging from a few minutes to a few hours, exhibited by some
BTAs.>* This is one of the reasons why the use of BTAs as
medications administered systemically, like in the case of
insulin to treat diabetes, often requires frequent and constant
dosing to maintain an appropriate in vivo concentration.*

Another key challenge is the delivery of the large biomacro-
molecules, used as therapeutic agents, across the cellular
membrane to the cytoplasm.®® After billions of years of evolu-
tion, the cell membrane has evolved to precisely regulate the
transport of molecules in and out of the cytosol to protect the
intracellular environment from extracellular interference.’” The
high molecular weight and the intrinsic hydrophilicity of many
BTAs are associated with a general reduction in their perme-
ability across biological barriers such as cell membranes.*®
Cellular membranes can selectively and actively allow small
molecules and ions to enter, while the lipid bilayer is imperme-
able to high-molecular-weight substances.*® The intrinsic lipo-
philic nature of biological membranes is another major
obstacle in the permeation of hydrophilic biomacromolecules
to the targeted intracellular site. Furthermore, in the case of
nucleic acid-based drugs, the active molecules bear the same
surface charge as the negatively charged cellular surface,
making their transport across the membrane nearly impossible
without the aid of external forces.*® As a result, only a marginal
fraction of BTAs can successfully reach their intracellular
target, which leads to insufficient therapeutic efficacy.

3. Structures of polymer DDSs

For the past 50 years, lipid nanoformulations have dominated
the field of nanosystems for drug delivery.*’ The approval of
Doxil™ in 1995, a liposomal nanoformulation, is an important
milestone in the development of nanomedicine. Originally
developed as vehicles for the delivery of small molecules,
liposomes and lipid formulations are now used to deliver a
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range of different payloads, including BTAs, as exemplified in
the delivery of mRNA in COVID-19 vaccines.*>** In this case,
spherical lipid nanoparticles are made of ionizable lipids,
which are able to complex the mRNA by electrostatic interac-
tions. Due to the size and properties of the lipid nanoparticles,
they are taken up by cells via endocytic pathways, and the
cationic charge of the lipids at low pH values leads to the
endosomal escape releasing the mRNA into the cell cytoplasm.
The chemical composition of the lipid nanoparticles is very
close to that of cell membranes, conferring to such DDSs
excellent biocompatibility and biodegradability.

Although lipid nanoparticles and liposomes have been used
to deliver both small molecules and BTAs, some limitations
remain to their widespread applications. One reason is that
those formulations are based on self-assembling lipids and can
suffer from destabilization or dissociation in biological media.
Such dynamic dissociation might lead to both side effects due
to off-target activation and the loss of the valuable therapeutic
agent due to its degradation outside of the dissociated nanos-
tructure. Hence, this inherent instability is one of the Achilles’
heels of lipid and liposomal delivery of BTAs.***® Another
limitation in the design of liposomal delivery systems is the
lack of structural diversity in the type of compatible lipid
material used to generate the liposomes. The ideal drug delivery
system might require the addition of smart functionalities such as
stimuli-responsive structures for the precise and controlled
release of the cargo or highly functional targeting moieties to
overcome the hurdles toward efficient, specific, and targeted
delivery.

Polymer nanostructures offer interesting alternatives. They
provide a great versatility of building blocks and enable the
incorporation of additional functionalities to the delivery systems.
Furthermore, the organization of the polymer and the BTAs can
adopt different structures leading to different DDSs architectures
such as polymer-conjugates, polyplexes, layer-by-layer assemblies,
nanogels, nanocapsules, and polymersomes (Fig. 1). The advances
in the field have yielded a variety of structures with unique
loading and functionalization, each displaying their own advan-
tages for the successful delivery of BTAs (Table 1).

3.1 Polymer-drug conjugates

The conjugation of synthetic polymers with various BTAs is the
simplest polymer DSS possible. Such polymer-drug conjugates
are pharmacologically active constructs comprising one or
more therapeutic agents covalently bound to a polymer chain.*®
Since the first poly(ethylene glycol) (PEG)-protein conjugate,
Adagen®™ (bovine pegademase), was approved by the FDA in
1990,"” functional polymer bioconjugates have been widely
explored and are continuously evolving. A commonly used model
of a polymer-drug conjugate consists of a biocompatible water-
soluble polymer backbone as the main delivery vehicle tethered
to the biomacromolecular agent (Fig. 2a). In this case, the
polymer chain increases the aqueous solubility of the drug and
protects the cargoes from a rapid exclusion from the body.
Several types of BTAs can be employed to design polymer conju-
gates, irrespective of their size, charge, or chemical structure.

This journal is © The Royal Society of Chemistry 2022
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Fig.1 Types of polymer DDSs for the encapsulation and delivery of
biomacromolecular therapeutic agents.

@

Furthermore, one or several therapeutic molecules can be
tethered to the same polymer backbone, and complementary
moieties can also be attached to the polymer backbone, such as
adjuvant drugs, fluorescent tags, PEG molecules, or targeting
moieties.

Synthesis. Generally, there are two strategies to synthesize
polymer conjugates. The “grafting to” method, the most
common and straightforward methodology, where a preformed
polymer is directly coupled to the target BTA.*® In this approach,
amino and thiol groups present in the BTAs are frequently
employed as conjugation sites. Amines can form amide bonds
by reaction with activated esters such as an N-succinimidyl
activated ester or a pentafluorophenyl activated ester or a car-
boxylic acid activating coupling agent such as carbodiimide.*’
Thiols can react with alkenes, maleimides, or vinyl sulphones
to yield thioethers.>® For instance, a study analyzed the site-
specific grafting of polymers to the enzyme prolyl endopepti-
dase by reacting thiol groups introduced to the enzyme with
maleimide-functionalized polymers.”® The authors focused
specifically on the conjugation site and its influence on the
enzymatic activity of the conjugates. Their findings clearly
demonstrate that the conjugation of polymers at the catalytic
site of the protein significantly decreases the enzymatic activity,
while conjugations on other parts of the protein preserve a high
degree of the activity (Fig. 2b). At the same time, the molecular
weight of the polymer and its structure show a lower impact on
the enzymatic activity when compared to the conjugation site.>*

Alternatively, BTAs can be functionalized with non-
endogenous amino acids or other appropriate external small
molecules by using specific reactions. Those can be employed
for the site-specific conjugation of polymers using bioorthogonal
coupling chemistries. Many examples exploiting such a strategy
exist. For instance, the unnatural amino acid p-azidophenyl-
alanine was site-specifically incorporated into proteins.”> The
azido end-group enabled a copper-medicated click-reaction with

This journal is © The Royal Society of Chemistry 2022
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an alkyne functionalized PEG. In another example, a ketone-
containing amino acid, p-acetylphenylalanine was attached to a
human growth hormone, and the conjugation of an amino-
oxy-functionalized PEG optimized the pharmacological proper-
ties of this therapeutic.® Many advantages are associated with
the “grafting to” approach. Firstly, the synthesis of the polymer
may occur in a non-aqueous solution before the conjugation step.

Secondly, this separate synthesis process enables the design
of well-defined polymer building blocks for preparing advanced
materials with controlled structures, often including several
reaction steps. Thirdly, a wide variety of (bioorthogonal) reac-
tions is available to efficiently preserve the sensitive structures
of the BTAs during the conjugation process. However, this
approach also suffers from shortcomings, such as a potential
low yield of the reaction between the polymer and the bio-
macromolecule. Here, two large molecules must react together,
and the reaction can be limited due to steric hindrance leading
to insufficient functionalization yields.”® Moreover, the resulting
product can be challenging to purify from unreacted starting
material and by-products.”

As a consequence, the “grafting from” method has emerged
for the synthesis of polymer-drug conjugates. The development
of the “grafting from” methodology has benefited from
advances in controlled and living polymerization techniques,
including the reversible addition-fragmentation transfer
(RAFT) and the atom transfer radical polymerization (ATRP).”®
Typically, the “grafting from” approach involves the conjuga-
tion of the initiator to a BTA. This leads to a formation of a
macroinitiator for the following polymerization and leads to a
controlled growth of the polymer conjugate. The overall process
results in high reaction yield since only small molecules, first
the initiator and then the monomers one at a time, are coupled
to the reactive site.”” Still, this method may hamper BTAs. For
example, the conjugation method employed to prepare protein—
polymer conjugates should not include reactive moieties under-
going side reactions with the amino acid functionalities of
the protein. Additionally, the polymerization method should
not lead to the denaturation of the BTAs, as induced by chemical
modification or by inducing irreversible solubility changes.>®

Controlled polymerizations, like ATRP and RAFT, have been
extensively used to synthesize polymer with biomacromolecules
since they combine a high degree of control over the resulting
molecular weight and structure of the polymer chains and can
be executed in aqueous media.”® Many BTAs have been func-
tionalized in this way. For example, ATRP initiators were
immobilized on proteins, which were used to initiate the
growth of uniform poly(PEG-methacrylate) chains.”® In another
example, the enzyme chymotrypsin was homogenously functio-
nalized with nearly monodisperse polymer chains with a poly-
dispersity index of 1.05. Furthermore, the protein-polymer
conjugates synthesized by this method retained 50-86% of
the original enzyme activity.”® Mild reaction conditions, using
Cu(0)-mediated ATRP, was used to form Candida antarctica
lipase B (CALB) conjugated to different polymers of acrylamides
and acrylates.>® The conjugates CALB-poly(hydroxyethyl acryl-
amide) (HEAA), CALB-poly(N-isopropylacrylamide) (NIPAM)
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Table 1 Overview of the different polymer nanostructures for the delivery of biomacromolecular therapeutic agents
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Polymer
structure Mode of formation Example Advantages Limitations
Conjugate Covalent attachment  PEGylation of proteins,> e No leakage of the drug e Chemical modification of
biomolecule
Stabilization of enzymes:** e High drug/polymer ratio
PEGylated asparaginase (FDA/EMA e Low degree of potentially harm- e High risk of denaturation
approved)®® ful polymers
Peginterferon o-2b (FDA/EMA e Responsive conjugates enable e Limited steric protection
approved)®”® controlled release
Polyplex/ Electrostatic Delivery of mRNA>® e Absence of chemical e Limited to charged
coacervate complexation of modification of the drug biomolecules

charged molecules

Electrostatic
complexation of
charged molecules

LbL assembly

Micelle and Physical
polymersome encapsulation
Nanoparticle/ Physical
nanogel/ encapsulation
nanocapsule

Delivery of siRNA®

Delivery of plasmidDNA®*

CYL-02: pDNA/PEI polyplex (phase
II development for pancreatic
cancer)

CALAA-01 siRNA/cyclodextrin
polyplex (phase I development for
cancer therapy)®

Co-delivery of antigens and
adjuvants®*

Co-delivery of gene and anticancer
drug®

Controlled release of plasmidDNA®®

Targeted delivery of siRNA®

mRNA delivery (animal study)®®
Polymersome delivery of the
SARS-CoV-2 spike protein
(preclinical trials)®

Protein encapsulation”®

Enzyme nanocapsules”’

Delivery and controlled release of
deoxyribonuclease 1”>

Vaccine development based on
nanogel protein delivery (animal
study)”®

Iduronate 2-sulfatase delivery with
PLGA nanoparticles (preclinical
testing)”*

e Increased cellular uptake due to
electrostatic interactions with the
cells

e High steric protection

e Absence of chemical modifica-
tion of the drug

e Increased cellular uptake due to
electrostatic interactions with the
cells

e Absence of chemical
modification of the drug

e Variety of morphologies and
architectures

e High protection

e Absence of chemical
modification of the drug

e High protection
e High stability

e Easy incorporation of smart
units

e Controlled release

e Electrostatic interactions
influenced by external
factors

o High risk of dissociation in
blood

e Limited to charged
biomolecules

e Electrostatic interactions
influenced by external
factors

e High risk of dissociation in
blood

e Limited encapsulation
efficiencies

o High risk of dissociation in
blood

e Risk of denaturation due
to crosslinking reactions
involved

and CALB-poly(N-tert-butylacrylamide) (TBA) preserved the ori-
ginal biological activity of CALB, and the conjugates with
poly(HEAA) and poly(NIPAM) even exhibited increased enzy-
matic activity by ~ 1.5 and 2-fold. The lipolytic activity of CALB-
conjugate was measured by the rate of hydrolysis of nitrophenyl
palmitate in heptane. The activity enhancement was ascribed®*!
to the increased solubility in organic media and increased affinity
of the enzyme to the substrate in heptane after the formation of
the polymer-conjugate.’”

Examples of application. The versatility of such a conjuga-
tion approach enables the design of a highly multifunctional
system with increased complexity tailored to the specific

132 | Chem. Soc. Rev,, 2022, 51, 128-152

delivery challenge.®” In general, polymer-drug conjugates dis-
play high drug loading, sustained drug release, and enhanced
stability without undesirable drug leaking. NKTR-214, a PEGy-
lated interleukin-2 (IL-2) clinical candidate, is an example of
the therapeutic potential of protein-polymer conjugates
(Fig. 2¢).%* The interleukin-2 protein is an activator and sup-
pressor of the immune system and thus a key component for
inducing a durable anti-tumor response in patients with
advanced melanoma. However, due to its short half-life, it
requires a high dose and frequent administration, which leads
to an over-activation of the immune system and severe toxicity.
NKTR-214, a multi-PEGylated IL-2 form, was synthesized to

This journal is © The Royal Society of Chemistry 2022
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(a) Conjugation of a polymer with a biomacromolecular therapeutic agent, (b) enzymatic activity of a wild type of prolyl endopeptidase isolated

from Myxococcus xanthus (MX WT) functionalized with polymer using thiol groups either on (MX 3.2) or outside the catalytic site (MX 3.1) before and after

the conjugation of the polymers PEG and poly(amidoamine) (PAMAM, 6.5 kDa)

5% (c) clinical stage prodrug NKTR-214 synthesized from the reversible

PEGylation of interleukin-2 (IL-2), (d) NKTR-214 as a single-agent demonstrated significant tumor growth inhibition for bladder, liver and pancreatic
carcinoma. (b) Reprinted with permission from ref. 51 Copyright 2016 Wiley; (c and d) reprinted with permission from ref. 83. Copyright 2017 PLOS.

harness the immune stimulatory benefits of the protein to
increase the anti-tumor responses while minimizing undesired
therapeutical side effects.®® In this PEG-functionalized form,
the IL2 is inactive and a biological prodrug. When adminis-
tered in vivo, the PEG chains are slowly cleaved from the IL-2,
releasing and producing active IL2 conjugates bound by fewer
PEG chains. The analysis of the tumor pharmacokinetics of

This journal is © The Royal Society of Chemistry 2022

NKTR-214 and its active conjugated-IL2 forms were performed
in mouse melanoma tumor tissues after the administration of a
single dose of NKTR-214 or five doses of native II-2 (aldesleukin).
Tumor aldesleukin levels rapidly reached a maximal concen-
tration and then rapidly declined. In contrast, NKTR-214 was
detectable in tumors for up to 8 days after a single dose and
achieved a 500-fold increased exposure relative to aldesleukin.®*
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In a further study, the in vivo antitumor efficacy of NKTR-214 was
tested. Consistently, NKTR-214 as a single-agent demonstrated
significant tumor growth inhibition across three tumor types
tested: bladder (92%), liver (79%), and pancreatic (65%) carci-
noma (Fig. 2d).%?

Several examples of polymer-conjugates with BTAs have
already been approved by the US Food and Drug Administra-
tion and the European Medicines Agency. For instance, the
PEGylated enzyme aspargase (Oncaspar™) was approved to
treat patients with acute lymphoblastic leukemia. The PEG-
conjugation of the enzyme increased its circulation time, which
allowed for less frequent administration of the treatment to
obtain the same response as the unmodified enzyme.*® Another
formulation of the recombinant interferon alfa-2b protein with
PEG was approved to treat patients with melanoma.’” The
conjugation of the interferon to the PEG polymer protects the
protein from degradation by enzymes and increases its half-life.
The treatment with the PEGinterferon led to a sustained and
clinically meaningful longer relapse-free survival time after the
surgical tumor removal.>®

Advantages and limitations. In polymer-drug conjugate,
only a few polymer chains are attached to the drug; conse-
quently, the ratio of drug to polymer is high, and the potential
in vivo toxicity and the immuno-stimulatory effect that can arise
from administering body-foreign material are limited in com-
parison to other delivery vehicles.*> Furthermore, especially
when considering BTAs, the most promising benefit of devel-
oping polymer conjugates is the possibility to improve the
stability of the drug. The stability of the BTA under diverse or
extreme temperatures and pH ranges can be enhanced due to
the steric shielding of the therapeutic agent by the polymer.*®
This can also modulate the pharmacokinetic properties and
increase the circulation time and cellular uptake of the drug.*®
All of these benefits lead to an increased therapeutic effect
observed for multiple drugs after their conjugation.®” However,
during the conjugation process, the choice of the right chem-
istry is crucial in preserving the activity of the BTA. The direct
covalent modification can alter the sensitive 3D structure of the
biomacromolecular agent, even when extensive care is taken to
preserve the specific folding of the drug during the conjugation
process. Hence, this method always comes with a risk of
denaturation and loss of functionality of the drug. Additionally,
while BTAs encapsulated inside particles can be fully protected
from degradation during their transport in vivo, polymer-
conjugates are still vulnerable to some degradation processes
and generally show limited protection of the BTAs in compar-
ison to other polymer delivery systems.*®

3.2 Coacervates and electrostatic polyplexes

The formation of supramolecular structures between two polymers
based on specific interactions such as electrostatic, hydrogen
bonding, and hydrophobic forces can produce coacervates.®®
From the molecular point of view, coacervates can also be
formed by the interaction between BTAs and other polymers.*®
Polyelectrolyte complex coacervates, coacervates formed by
oppositely charged polymers, are of particular interest in the
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development of polymer DDSs for BTAs since nucleic acids, and
proteins often carry negative charges.’® The morphologies of the
resulting complex display a large diversity depending on the
balance of water, polymer, and salt ions within the complex.”*
In general, they can range from loosely associated colloids with
more liquid-like properties in the case of coacervates to denser
precipitates in the case of polyplexes.”

Synthesis. In solution, polyelectrolytes are attracted to oppo-
sitely charged materials and interfaces and exhibit a transition
to an adsorbed state, resulting in nanospheres with physical
crosslinking between the polymer and the BTA (Fig. 3a).”* Such
complexation with polymers allows the drug to overcome
critical extracellular and intracellular barriers in order to per-
form its specific biological function at the targeted place.’*
Coacervates and polyplexes are usually prepared by mixing two
polymer solutions through pipetting followed by maturation
during a short incubation time.>® Because of the labile nature
of the resulting interactions, the complex formation is
dynamic. It can be reversed in response to small changes in
local conditions.”® In such cases, various parameters such as
the ionic strength, the ratio of polyacid to polybase, the total
polyelectrolyte concentration and molecular weight, the pH, as
well as the temperature, play major roles.”®

Many studies have investigated the influence of the poly-
anion/polycation ratio. For example, polyplexes prepared from
DNA and poly-i-lysine showed that the highest DNA loading
occurs at a DNA/poly-L-lysine mass concentration ratio between
two to three.”” Other studies using PDMAEA or chitosan for the
complexation of DNA showed similar results, suggesting that
increasing the DNA/polymer ratio leads to the formation of
durable complexes and provides a better coverage as well as a
better release of DNA.**? Another key parameter in the for-
mation of the polyplexes is the molecular mass of the polymer
employed. Studies have investigated the influence of the mole-
cular mass of polyethylenimine (PEI) on its complexation
performance. PEI is one of the most widely employed polymers
for the formation of polyplexes. It was shown that high mole-
cular weight PEI (800 kDa) forms significantly more compact
and more stable complexes with DNA and leads to an increased
transfection efficiency compared to PEI with a lower molecular
weight. However, the cell viability simultaneously decreased
with the increasing molecular weight of the PEI, and a very tight
complexation of the DNA by the PEI can also hinder the
efficient intracellular release.>® Hence, a balance between high
complexation efficiency, controlled dissociation at the targeted
site, and low toxicity for PEI/DNA complex can be struck by
tuning the molecular weight of the PEI. Furthermore, the ideal
molecular weight for the complexation of one specific bio-
macromolecular therapeutic agent can differ from payload to
payload. For example, the complexation and delivery of plasmid
DNA, messenger RNA (mRNA), and replicon RNA (RepRNA)
with a library of poly(2-ethyl-2-oxazoline)/poly(ethylene imine)
copolymers with varying molar mass and charge densities
showed that the optimal polymer design for each nucleic acid
species was different and could significantly influence the
transfection efficiency of the delivered nucleotide.'® Those BTAs

This journal is © The Royal Society of Chemistry 2022
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significance,'°° (c) illustration of the formation of targeted complexes for siRNA delivery using an amphiphilic dendrimer (AD) and the targeting peptide
E16GeRGDK,%° (d) targeted siRNA complexes (siRNA/AD/E;sGgRGDK) accumulate more efficiently in tumor tissues from mice than non-targeted
polyplexes (SIRNA/AD),®° (e) targeted siRNA/AD/E1GgRGDK polyplexes are much more potent than the non-targeted siRNA/AD systems for anti-cancer
activity in mice tumors: cancer cell proliferation in tumor tissue revealed by immunohistochemistry using Ki67 staining (brown-stained cells indicate
Ki67 protein expression correlating with metastasis).® (b) Reprinted with permission from ref. 100, Copyright 2018 American Chemical Society;
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differ significantly in their structural composition and charge forming the most efficient polyplexes decreased from 83, 72, and
density, and it was found that the polymer molecular weight 45 kDa for DNA, RepRNA, and mRNA complexation (Fig. 3b).
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Many studies have investigated the influence of the poly-
anion/polycation ratio. For example, polyplexes prepared from
DNA and poly-i-lysine showed that the highest DNA loading
occurs at a DNA/poly-L-lysine mass concentration ratio between
two to three.”” Other studies using PDMAEA or chitosan for the
complexation of DNA showed similar results, suggesting that
increasing the DNA/polymer ratio leads to the formation of
durable complexes and provides a better coverage as well as a
better release of DNA.”®° Another key parameter in the for-
mation of the polyplexes is the molecular mass of the polymer
employed. Studies have investigated the influence of the mole-
cular mass of polyethylenimine (PEI) on its complexation
performance. PEI is one of the most widely employed polymers
for the formation of polyplexes. It was shown that high mole-
cular weight PEI (800 kDa) forms significantly more compact
and more stable complexes with DNA and leads to an increased
transfection efficiency compared to PEI with a lower molecular
weight. However, the cell viability simultaneously decreased
with the increasing molecular weight of the PEI, and a very tight
complexation of the DNA by the PEI can also hinder the
efficient intracellular release.>® Hence, a balance between high
complexation efficiency, controlled dissociation at the targeted
site, and low toxicity for PEI/DNA complex can be struck by
tuning the molecular weight of the PEI. Furthermore, the ideal
molecular weight for the complexation of one specific bio-
macromolecular therapeutic agent can differ from payload to
payload. For example, the complexation and delivery of plasmid
DNA, messenger RNA (mRNA), and replicon RNA (RepRNA)
with a library of poly(2-ethyl-2-oxazoline)/poly(ethylene imine)
copolymers with varying molar mass and charge densities
showed that the optimal polymer design for each nucleic acid
species was different and could significantly influence the
transfection efficiency of the delivered nucleotide."®® Those
BTAs differ significantly in their structural composition and
charge density, and it was found that the polymer molecular
weight forming the most efficient polyplexes decreased from
83, 72, and 45 kDa for DNA, RepRNA, and mRNA complexation
(Fig. 3b).

Examples of application. The complexation of BTAs with
polymers can also involve additional materials. In this regard,
polyplexes are able to deliver complex therapeutic agents to
specific cancer cells by including active targeting. The targeting
moiety attached to the polyplex may interact with ligands and
receptors overexpressed on cancer cells. This enables the con-
trolled delivery of the therapeutic agents specifically to the
diseased cells and reduces potential collateral damage to
normal tissue.’®® For instance, dendrimer-based polyplexes
using a amphiphilic dendrimer (AD) were designed to bind
efficiently, by electrostatic interactions, both siRNA used as a
therapeutic agent and a cell-targeting peptide (E16GsRGDK) to
target a specific cancer cell line (Fig. 3c). In this system, the
peptide on the surface of the polyplexes targeted the tumor
endothelium by interacting with «,f; integrin, which is over-
expressed in tumor vasculature. Furthermore, it also binds
to the neuropilin-1 (Nrp-1) receptor present on tumor cells,
hence promoting cancer cell penetration and uptake (Fig. 3d).*°
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Such a rational design of the multicomponent polyplex resulted
in higher mean fluorescence intensities in tumors for the targeted
system siRNA/AD/E;,GcRGDK when compared to the non-
targeted system siRNA/AD (Fig. 3d). Consequently, the functio-
nalization of the drug delivery system with the targeting peptide
significantly enhanced the in vivo tumor targeting ability of the
polyplexes. Following immunohistochemistry analysis showed
that the proliferation of the cancer cells decreased more
efficiently in mice tumors after the application of the targeted
siRNA/AD/E;6GsRGDK polyplexes when compared with nontar-
geted systems (Fig. 3e).

Polyplex gene delivery has lately also advanced to clinical
trials. One of the first examples of a systemic administration
of polyplex therapeutics applied to humans was a cationic
cyclodextrin-based polyplex developed for the delivery of siRNA,
which can reduce the expression of a ribonucleotide reductase
and hence decreases tumor growth.®® In the phase I clinical
trial 24 patients with different cancers were treated with the
polyplex formulation and the clinical safety of the therapy was
evaluated. The results showed that the formulation was well
tolerated and the delivery system enabled a targeted delivery of
the siRNA.

A currently ongoing phase II clinical trial (NCT02806687) is
evaluating the ability of linear PEI complexed with plasmids
encoding genes to achieve intratumoral gene transfer and to
sensitize cancer cells to gemcitabine for pancreatic adenocarci-
noma therapy.®” Phase 1 of the trial with 22 patients has
demonstrated that the formulation can inhibit primary-tumor
progression and dissemination when combined with addition-
ally administered gemcitabine. Currently, the study measures
the clinical benefits of the therapy, such as a progression-free
survival and tumor response, the biological tumor markers, the
biodistribution, and quality of life change in 100 patients with
locally advanced tumors.'**"%3

Advantages and limitations. The main advantage of the
complexation of BTAs with polymers in coacervates and poly-
plexes is the absence of a chemical modification of the thera-
peutic agent.'® Hence, the sensitive intermolecular interactions
in the molecule can be more easily preserved and are not
hampered by external chemical modifications. This leads to
improved preservation of the intrinsic bioactivity of the drug
after the complexation in comparison to polymer functionaliza-
tion. The formation of the polyplex can protect and facilitate
the cellular uptake of the cargo. Moreover, especially in the case
of charged polyplexes with positive surface potential, the poly-
plexes can efficiently improve the internalization of their pay-
loads by the cells because they interact electrostatically with the
negatively charged cell membranes and mediate the endosomal
membrane destabilization required for the cytosolic release
and delivery at the intended site of action.’® The excellent
delivery of the cargo in the polyplex to the cytoplasm is often
ascribed to the so-called proton sponge effect of cationic
material where the endosomal membrane destabilization is
caused by the inflow of anionic molecules for charge
compensation.'®®'®” This results in the swelling and genera-
tion of osmotic pressure in the endosomal compartment and
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leads to the disruption of the membrane.'®® This process
strongly improves the polyplex delivery efficiency and is
another significant advantage of such DDSs.

However, this approach is also constrained by some factors.
While gene materials are usually strongly charged and thus very
suitable for the formation of polyplexes, the formation of
polyplexes with certain proteins and polypeptides, which
can be moderately charged or even neutral at physiological
conditions depending on their isoelectric point, can be
challenging.'®® Additionally, the number of charged residues
in a protein is limited and strongly varies from one protein to
another; this can further hamper the formation of protein-
based polyplexes."’® More generally, the systemic delivery of
polyplexes can be hindered by their instability under physio-
logical conditions. Indeed, various physiological salt and
proteins found in blood can readily bind to the polyplexes
and increase the risk for the premature release of the payload
or even for the complete dissociation of the polyplex.'**

3.3 Layer-by-layer assemblies

Another class of drug delivery platforms for BTAs based on
electrostatic complexation is the layer-by-layer (LbL) assembly
of polyelectrolytes. This method expands the simple electro-
static complexation by the design of multilayer architectures
with layers of, usually, alternating charges with nanometer-scale
precision. The technique is based on the alternating adsorption
of complementary layers of building blocks, which can be
synthetic or natural polyelectrolytes and BTAs (Fig. 4a)."*>'"?
For applications in drug delivery, colloidal LbL particles and
capsules are of particular interest. In these cases, the single
layers can be assembled either on a core template, which can be
a drug reservoir or a solid nanoparticle."** To form an LbL
particle system, a colloidal substrate bearing a defined charge
or a polyelectrolyte in solution is mixed with complementary
polyelectrolytes followed by washing, usually through centri-
fugation.'™ These steps can be repeated several times, each
time using an oppositely charged macromolecule to the charge
of the previous step to achieve the desired loading of the BTA
(Fig. 4b).

Synthesis. Similarly to the formation of electrostatic poly-
plexes, the LbL deposition has the advantage of using mild
conditions (aqueous solutions, absence of chemical modifications)
that are favorable for preserving the fragile structure and activity of
the BTAs. Once covered by multiple layers of polyelectrolytes, the
cargo is protected, and the risk of degradation during transport
decreases'60,111,112,113

LbL formulations used in the delivery of BTAs allow for
controlled loading of the nanocarrier with the biomacro-
molecule. Since the LbL assembly of the BTA can be monitored,
for instance, on a silicon oxide-coated quartz sensor as found
in a quartz crystal microbalance with dissipation, the exact
amount of adsorbed therapeutic agents can be calculated.”® In
this regard, LbL assemblies can serve as a precise gene delivery
platform. For example, this led to LbL systems being used to
load a plasmid DNA encoding a green fluorescent protein (GFP)
in defined quantities. The plasmid DNA was complexed on the
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surface of PLGA nanoparticles in combination with poly-
(r-lysine) (PLL) and poly(y-glutamate) (PGA) via the LbL technique.
A defined amount of 0.5 pg of the plasmid DNA in the LbL
assemblies was loaded during the synthesis process. After the
formulation of the plasmid vector in the LbL assembly, the
gene delivery efficacy was tested by the expression of GFP in
HEK293 cells. This DDS was compared to Lipofectamine, a
commercial gene delivery system, loaded with 2 pg of GFP
encoding plasmid DNA. No significant differences were observed
for the transfection efficiency of the GFP expressing plasmid in
HEK293 cells when using the LbL DDS or the Lipofectamine
containing 4 times more plasmid. Hence, the LbL assemblies can
deliver the plasmids at the same efficiency as Lipofectamine but
require less plasmid material and also cause lower cytotoxic
effects in HEK293 cells than the Lipofectamine.'

Examples of application. In another study, LbL assemblies
were used to deliver siRNA that knocks down a drug-resistance
pathway in tumor cells. This LbL nanosystem was prepared by
the layering of siRNA and poly-i-arginine (pLArg).®® In a quan-
titative manner, roughly 3500 siRNA molecules could be loaded
in a single layer and the surface of the LbL assemblies was
further coated by a layer of hyaluronic acid, which has been
previously reported to enhance in vivo stability (Fig. 4c). First,
to evaluate the pharmacokinetics of the LbL nanoparticles,
AlexaFluor677 dye-labeled nanoparticles were administered to
mice via the tail vein. A fluorescence imaging experiment of
the whole mouse confirmed the stability of the assemblies,
as they circulated in the animal for 12 days and showed low
levels of liver clearance (Fig. 4d). Then, nude mice bearing
luciferase-expressing subcutaneous xenografts received luciferase-
targeting siRNA LbL DDSs in a single dose of 1.4 mg kg ' to
induce the knockdown after an intravenous systemic administra-
tion. After 5 days post-injection the analysis of the tumor tissues
showed a 4-fold decrease in luciferase mRNA levels, revealing a
sustained delivery and a therapeutic effect of the siRNA in the
mice (Fig. 4e).

The LbL system can be built by integrating a variety of
functions and molecules in the different layers. For instance,
multiple BTAs and adjuvants can be easily incorporated in LbL
systems. One therapeutic agent can be deposited in the core of
the assembly and another one in the surrounding layers, thus
creating an independently tunable device for the co-delivery of
multiple therapeutic agents.®> This co-localization of drugs
enables the construction of defined signal pathways and arti-
ficial architectures that can mimic biological functions found
in natural organisms."'® For example, polystyrene (PS) carriers
were used as the substrate for the assembly of glucose oxidase
(GOX) and horseradish peroxidase (HRP) in conjunction with
PEI and polystyrene sulfonate."'® Because both enzymes pre-
served their enzymatic activity during the formation of the LbL
nanosystems, coupled enzymatic reaction between the GOX
and the HRP could still be performed after the assembly, and
the LbL nanoparticles were able to mimic the sequential
cascade reactions observed inside cellular compartments."*°

Moreover, to increase the efficiency of immunotherapeutic
treatments, it can be helpful to deliver simultaneously
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Fig. 4 (a) Schematic representation of layer-by-layer (LbL) assemblies, (b) schematic illustration of immersive assembly on particulate substrates using
centrifugation (cfg) in between washing steps,!” (c) schematic representation of a siRNA drug delivery platform based on LbL assembly,®® (d) the LbL
nanoparticle cores in (c) were fluorescently labeled with AlexaFluor677 to assess the biodistribution using live animal fluorescent imaging (n = 4),%°
(e) systemic delivery of siRNA using LbL nanoparticles in mice models: bioluminescence activities in subcutaneous mice tumors treated with a single dose
tail vein injection of 1.4 mg kg~! of luciferase-targeting siRNA-loaded LbL assemblies (si-Luc) and siRNA control (scramble).®® (b) Reprinted with
permission from ref. 117, Copyright 2014 The American Chemical Society; (c—e) reprinted with permission from ref. 65. Copyright 2013 The American
Chemical Society.

multiple payloads.'*! For example, in addition to the delivery they display diverse physicochemical properties in terms of mole-
of the biomacromolecular antigen, the co-delivery of adjuvant cular weight, hydrophilicity, and pharmacokinetics.'** LbL nano-
molecules is essential for the enhanced activation of immune carriers have been successfully used for such purpose due to their
cells. The flexibility of LbL structures has the potential to inherent ability to incorporate many active molecules in different
co-deliver a combination of antigen and adjuvant, even when layers within the same drug delivery system.®>"**'** In one of
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such systems, ovalbumin, a model protein antigen, and an
immune-activating single-stranded synthetic DNA adjuvant were
combined in one LbL assembly enabling the co-delivery of two
components to induce a strong immune activation in mice.®*

For this purpose, ovalbumin was coated with two bilayers of
dextran sulfate and pLArg. Subsequently, the immunogenic
anionic DNA was complexed to the outer pLArg layer and
coated with additional pLArg. The LbL nanosystems loaded
with ovalbumin and immune-activating DNA were readily inter-
nalized by dendritic cells. Furthermore, they promoted a strong
upregulation of co-stimulatory markers combined with a
vast secretion of pro-inflammatory and polarizing cytokines,
whereas the OVA assemblies with dextran sulfate and pLArg
lacking the DNA adjuvant totally failed to stimulate cytokine
secretion.®*

Advantages and limitations. The variety of materials compa-
tible with this approach is another advantage of this method.
Many polyelectrolytes such as poly(allylamine hydrochloride),
poly(diallyl dimethylammonium chloride), and PEI, poly-
(sodium styrenesulfonate), poly(sodium vinylsulfonate), and
poly(acrylic acid) have been widely used for the synthesis of
LbL assemblies. Moreover, since many BTAs are charged, they are
also optimal candidates for the assembly by electrostatic LbL.
Unfortunately, the LbL systems, just like the polyplexes, can suffer
from inherently limited stability in vivo due to the potential
perturbation in the electrostatically assembled systems.'**

3.4 Polymer micelles and polymersomes

Polymer micelles and polymersomes are supramolecular nano-
structures usually formed by the self-assembly of amphiphilic
block copolymers.’*® Classically, they are composed of block
copolymers containing both hydrophilic and hydrophobic seg-
ments, and both polymer micelles and polymersome can be
obtained from diblock, triblock or multiblock copolymers.2*?”
In aqueous environments, the block copolymers assemble into
nanostructures depending on the polymer composition. The
different assemblies result from the relative volume occupied
by the hydrophilic(s) and hydrophobic(s) blocks. This defines the
geometric packing of block copolymers in the resulting copoly-
mer assemblies in aqueous solution and controls the shape
of the resulting assembly. For example, a diblock copolymer
composed of a hydrophilic and a hydrophobic block can either
assemble into spherical micelles, worm-like micelles, or vesicles
(or polymersomes) as the length of the hydrophobic block
increases.'*®

In polymer micelles used for the delivery of BTAs, the
assembly usually occurs in water, and the hydrophobic part
of the block copolymer is excluded from the aqueous surround-
ing forming the micelle core. It is in this hydrophobic pocket at
the center of the micelle that payloads, like BTAs, are typically
encapsulated. The hydrophilic part of the block copolymer then
builds the nanoparticle shell with a brush-like architecture
(Fig. 5a).

Polymersomes made from diblock copolymers self-assemble in
a bilayer polymer membrane,"”® reminiscent of the phospholipidic
double layer of the liposome. The block copolymers used can be
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considered synthetic mimics of phospholipid to some extent.'*°
Typically, the polymersomes used in the delivery of BTAs have an
aqueous core separated from the surrounding aqueous environ-
ment by a semi-permeable hydrophobic membrane (Fig. 5a).
In the case of polymersomes, the payloads can be located either
in the hydrophobic membrane or inside the hydrophilic core,
providing more versatility to encapsulate a wide variety of
payloads.*®

Synthesis. In both micelles and polymersomes, non-covalent
intermolecular interactions mainly drive the formation of the
nanocarrier. If amphiphilic polymers assemble, solvent mole-
cules are released because the hydrophobic components are
withdrawn from the aqueous media leading to an overall
increase in the entropy of the system. An important parameter
for the construction of self-assembled polymer micelles is their
stability against dissociation, especially under the highly
diluted conditions that can be observed after systemic injec-
tion. This parameter is described by the critical micelle concen-
tration (CMC)."*" Below the CMC, the amphiphilic polymers
only exist as single individual chains. As the polymer concen-
tration increases and reaches the CMC, the polymer chains
start to associate and form micelles. In comparison to low-
molecular-weight surfactants, block copolymers generally exhi-
bit a lower CMC and thus higher stability. This property is
attributed to the larger polymer segments resulting in stronger
interactions. For instance, the CMC of block copolymers is
typically between 0.0005-0.002%,"*" while the CMC of small
molecules surfactants like sodium dodecyl sulfate is ca. 0.2%.
Amphiphiles with higher CMC values may not be suitable in the
design of DDSs since they are unstable in a dilute aqueous
environment and easily dissociate due to the strong dilution
experienced following administration.

However, the formation of the self-assembled structure,
such as micelles and polymersomes, is not always straight-
forward. Different methods exist to convert a block copolymer
solution into a suspension of self-assembled structures.'*
Some of the most frequently used strategies involve a ‘“‘solvent
exchange”. The block copolymer is first dissolved in an organic
solvent, which is chosen because it is a good solvent for all the
blocks, and then the solution is transferred to the selective
solvent, usually water when micelles and polymersome for the
encapsulation of BTAs are prepared. The solution of block
copolymer in the organic solvent can be added directly to water
under vigorous stirring, slowly dialyzed against water, or water
can be added in a step-wise manner to the organic solution.
The resulting suspension is then extensively dialyzed against
water to remove any traces of the organic solvent."*> Following
the formation of the polymer aggregate, the extrusion of the
resulting dispersion through nanoscale pores leads to uni-
formization of the size and may also be used to induce the
transition from spherical to cylindrical geometries in the case
of micelles."** However, the formation of large polymersomes
can be challenging, and more complex formation protocols
need to be implemented."**

Most micelles and polymersomes are built through the delicate
balance of hydrophilic/hydrophobic segments. Interestingly, the
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Fig. 5 (a) Schematic representation of polymeric micelles and polymersomes, (b) scheme of the formation of siRNA-loaded micelles via the assembly of
negatively charged siRNA and the positively charged block copolymers PEI-g(20)-PEG-MAL, followed by the conjugation of a stem cell antigen 1
antibody (Anti-sca 1 Fab’) for the targeting of lung mesenchymal stem cells and Alexa 647 fluorescence images of the organs of a mouse administrated
with Fab’-conjugated Micelle,®” (c) self-assembly of polyNIPAM-polyDEA block copolymers into a polymersome with a “boarding gate” and a “release
gate”, % (d) DLS measurements of crosslinked polymersomes at different temperatures,®® (e) in vivo transfection and expression of plasmid DNA delivered
by polymersomes and controls (experiments conducted with triplicates).®® (b) Reprinted with permission from ref. 67. Copyright 2021 Wiley,
(c—e) reprinted with permission from ref. 66. Copyright 2018 The American Chemical Society.

interaction of the block copolymer with the BTAs can itself be poly(ionomer) segment and a neutral hydrophilic segment, the
used as the driving force for the formation of micelles. The loss of hydration is associated with the formation of the ionic
complexation of a charged BTA and an oppositely charged poly- complex and the neutralization of the charged polymer block
mer can lead to the formation of a polyplex (Section 3.2). However, leads to the formation of polyion complex micelles. In such a case,
when the polymer used is a block copolymer composed of a the hydrophobic segment is the complex of the ionomer block of
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the copolymer and the BTA, which is then surrounded by the
neutral hydrophilic block. The neutralization of the charge of the
block copolymers by a charged payload induces the required
amphiphilicity for the micelle assembly.'3>'3¢

The encapsulation of the payload often occurs through a
passive loading mechanism for both polymer micelles and
polymersomes.™” The hydrophilic BTAis embedded in the
inner aqueous core of the polymersome or a hydrophobic agent
can be encapsulated in the solid core of the micelles during the
nanocarrier formation. The loading efficiency of this method
is usually low, and although different studies successfully
encapsulated oxygen transport proteins, like hemoglobin and
myoglobin, into polymersomes while retaining their bioactivity,
the encapsulation efficiencies did not exceed 30%."3%*° Inver-
sely, the use of active loading procedures, where the loading
usually takes advantage of diffusion properties following
a gradient of concentration across the bilayers, results in a
payload encapsulation with improved efficiency compared to
passive methods. However, the efficiency of this method is
impeded by the large hydrodynamic radius of BTAs, which
results in low diffusivity of the molecules across the bilayer
structures.

Examples of application. The flexibility to combine several
polymer segments in one polymer chain allows for the devel-
opment of multifunctional micellar delivery systems and
custom-made architectures. One interesting approach includes
the synthesis of micelles composed of branched polyethylenimine
modified with PEG. The micelles were used for the delivery of a
transcription factor-1 small interfering RNA (siRNA) to the lung
(Fig. 5b).*” Such a treatment aims at inhibiting the myofibro-
blast differentiation of lung-resident mesenchymal stem cells
for pulmonary fibrosis therapy. The copolymers of cationic PEI
grafted with maleimide-PEG (PEI-g-PEG-Mal) successfully
encapsulated the siRNA and their surface was further modified
with a stem cell antigen 1 antibody (anti-Scal Fab’) to target
mesenchymal stem cells in the lung (Fig. 5b). The siRNA-loaded
micelles modified with anti-Scal Fab’ preferentially accumu-
lated in the lung and were able to suppress the myofibroblast
differentiation of lung-resident mesenchymal stem cells because
they ablated the expression of a RUNX1 gene. In a similar
approach, copolymers of cationic poly[N'-[N-(2-aminoethyl)-2-
aminoehtyl|aspartamide] and PEG were able to electrostatically
bind mRNA and further self-assemble into micelles.®® This micel-
lar system has proceeded to animal studies for the treatment of
Alzheimer’s. Alzheimer’s disease is characterized by an imbalance
between the synthesis and degradation of amyloid-beta peptides
in neural cells. The degradation of the peptides can be controlled
by protein neprilysin. The delivery of mRNA encoding neprilysin
could allow to decrease amyloid-beta deposition and prevent the
pathogenic changes occurring in the brain. Animal studies have
revealed that the administration of this micellar system contain-
ing the mRNA increased the level of neprilysin and consequently
reduced the concentration of amyloid-beta peptides. The success
of the micellar formulation can be ascribed to the fact that
it prevented the digestion of the mRNA by nucleases and the
recognition of the biomacromolecule by the immune system, both
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of which increased the efficiency of the delivery of the mRNA to
the cells.

Polymersome DDSs for the delivery of BTAs have entered
various preclinical testings. For instance, polymersomes pre-
pared from a poly(ethylene glycol)-b-poly(dithiolane trimethylene
carbonate-co-trimethylene carbonate)-b-polyethylenimine triblock
copolymers were functionalized with apolipoprotein E derived
peptides showing an excellent ability to cross the blood-brain
barrier and aiming at the treatment of glioblastoma, a primary
tumor inside the brain that still remains incurable."*" The poly-
mersomes loaded with the therapeutic protein saporin displayed
a highly specific and potent antitumor response for orthotopic
human glioblastoma xenografts in animal studies. In another
very recent study, polymersomes composed of polybutadiene-b-
polyethylene glycol and 1,2-dioleoyl-3-trimethylammonium-
propane block copolymers were developed to co-deliver the
SARS-CoV-2 spike protein and a DNA nucleotide immune-
stimulatory adjuvant as a vaccine against SARS-CoV-2.%° The
animal study revealed that two doses of the polymersome
formulation induced neutralizing antibody titers in mice for
up to 40 days, while the co-administration of the adjuvant
reduced the required dosage of the SARS-CoV-2 spike protein.

In polymersomes, the incorporation of functional polymer
segments in the polymer chain allows for the design of smart
membranes. The release of the encapsulated molecules can
then be controlled by the functionalization of the membrane
with molecules tuning the permeability of the membrane and
increasing the mass transport of the active molecules. When
dealing with macromolecular therapeutic agents, it is especially
crucial to increase the permeability of the membrane.®® Several
approaches have been developed to do so, such as the functio-
nalization of the polymersome membrane with channel-forming
transmembrane proteins,"** DNA nano-pores,*** or smart gates.*®
For instance, inspired by biological cell membranes, where
various proteins serve for ion transport, polymersomes with
selective membrane permeability were designed by introducing
membrane proteins, such as aquaporin ionomycin in the
membrane shell.'**'** For this purpose, the aquaporin, a
natural membrane protein forming pores due to their assembly
as trimers, can be mixed with the block copolymers prior to the
self-assembly. After the formation of the polymersome, the
proteins incorporated in the membrane allow for a selective
release of molecules."*” DNA nanopores provide another
possibility for the controlled transport across polymersome
membranes."*® They can be fabricated through the self-
assembly of oligonucleotides, and they can build controlled
holes in the polymer layer.'** They have been integrated into
polymersomes by incubating the polymersomes with DNA
fragments after their synthesis. The DNA pores insert into the
membrane, first by tethering to the membrane, followed by
complete insertion depending on the concentration of the
oligonucleotides. The resulting nanopores act as gates control-
ling the selective release of payloads based on their size.'*

However, the elaborate engineering of the polymersome
membranes successfully leads to the controlled release of small
molecules and drugs, but the release of biomacromolecules
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through polymersome pores is one of the current challenges.
The design of smart membranes can provide one solution to
this, as it can incorporate heterogeneous membrane sections
with finely controllable and responsive behavior.®® By incorpor-
ating responsive polymers in the membrane, the permeability
of the membrane can be controlled. The polymers used in such
cases can adjust their properties in response to external stimuli
which can lead to the swelling of the membrane and the
controlled release of payload. One exemplary system forming
smart gates in polymersome membranes exploits the respon-
sive polymers polyNIPAM and poly(diethylamino)ethyl metha-
crylate (polyDEA).®° After the self-assembly in a mixture of water
and tetrahydrofuran, the thermoresponsive polyNIPAM dehy-
drates and the pH-responsive polyDEA functionality is depro-
tonated. This results in polymersomes with closed gates in the
membrane. The polyNIPAM-based segment enables the design
of a “boarding gate” in the membrane, opening up below the
LCST of PNIPAM (20-30 °C). Under these conditions, bio-
macromolecules can be loaded, and the gate can be closed at
physiological temperature (37 °C) to lock the payload (Fig. 5¢).
The pH-sensitive polyDEA segments in the polymersome
membrane were designed to serve as the “release gate”, allow-
ing the release of the encapsulated plasmid DNA in acidic
environment (such as in the endosomes) upon the protonation
of the polyDEA. The protonation leads to a swelling of the
polymersomes from around 450 nm at pH 6.8 (Fig. 5d) to
610 nm at pH 5.4. Such polymersomes have been used for the
transfection of cells with GFP-encoding plasmid DNA and the
successful release of the payload in vitro and in vivo (Fig. 5e).

Advantages and limitations. The delivery of BTAs using
polymer micelles and polymersomes provides a highly con-
trolled platform for a broad range of therapeutic agents or a
combination of therapeutic agents. The encapsulation of BTAs
into polymersomes is a successful method for improving the
half-life and overcoming physiological barriers while retaining
the activity of the molecules. Modern processes to synthesize
well-controlled and well-defined block copolymers allow the
design of complex micelle structures with varying morpho-
logies and compositions. The resulting micelles interact in
different manners with biological systems, mainly due to their
shape resulting in unique cellular uptake and targeting ability.
Furthermore, the encapsulation of the macromolecular thera-
peutic agents does not require the use of harsh chemical
modifications, and the dense polymer shell protects the ther-
apeutic agents from denaturation. Unfortunately, similar to
other self-assembled systems, micelles can suffer from inher-
ently limited stability in vivo due to the potential perturbation
in the non-covalent interactions governing the assembly.'**

3.5 Nanoparticles, nanogels, and nanocapsules

Over the past decade, covalently crosslinked polymer nano-
carriers have attracted growing interest for their use in the
delivery BTAs due to their flexibility and adaptability in terms of
hydrophilicity, stability, size, charge."*”**® Crosslinked polymer
nanocarriers are nanosized networks composed of polymer chains
linked together through chemical or physical crosslinking points
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(Fig. 6a). In a polymer nanoparticle or polymer nanogel the
polymer matrix is uniformly distributed in the entire nanocarriers,
while in a nanocapsule, the polymer network is segregated at the
carrier surface, creating a shell that can engulf either an aqueous
or organic core. The main distinction between nanoparticles
and nanogels is the swelling of the polymer network. In a
nanoparticle, the defined three-dimensional polymer network
is mostly desolvated, while in the case of nanogels, the network
holds a large quantity of solvent.'*’

Synthesis. The crosslinked polymer nanocarriers used in the
design of DDSs can be made from virtually any polymer, of
natural or synthetic origin, or a combination of thereof, encom-
passing a wide range of chemical compositions and bulk
physical properties. They can be produced by direct polymer-
ization methods or made by the use of preformed polymers.>®
They can be obtained from the crosslinking of self-assembled
structures, solvent evaporation, polymerization in heteroge-
neous media like miniemulsion, precipitation polymerization,
or many other techniques.** Almost any polymerization reac-
tion and any preformed polymer are suitable to be used in this
vast range of process. For example, radical, anionic, cationic,
oxidative or polyaddition polymerization reactions can be per-
formed with many different monomers (e.g., styrene, acrylates,
methacrylates, fluoroacrylates, acrylamides, aniline, pyrrole) to
obtain solid polymer nanocarriers.">>">" Alternatively, physical
interaction between preformed polymer can lead to the self-
assembly of the polymers and can be used to produce nano-
gels.">*>* The crosslinking of the polymers in self-assembled
systems is a powerful strategy to overcome the inherent risk of
disassembly of self-assembled systems, which is often accom-
panied by the premature release of encapsulated payloads.
Furthermore, if polymers are first self-assembled into vesicles
with a hollow aqueous core based on hydrophobic or electro-
static interactions and further crosslinked, nanocapsules can
be obtained. The crosslinking of self-assembled systems to
produce nanocarriers often does not require the use of organic
solvents or additional harsh reagents, which is advantageous
for the encapsulation of highly sensitive BTAs. However, the
prerequisite for this method is the use of polymers with both
the ability to form polymer self-assemblies and the ability to be
chemically crosslinked under mild conditions, which limits the
number of suitable materials.'*

Another technique for the preparation of nanoparticles is
polymerization in heterogeneous media, like in a miniemulsion
polymerization.'*® When this method is applied to the encapsula-
tion of BTAs, an aqueous solution of monomers, or already
preformed polymers, is emulsified in a hydrophobic solvent,
leading to an emulsion of water droplets in an oil phase
stabilized by surfactants.'®” The water droplets containing
monomers or polymers are then polymerized or the preformed
polymers are crosslinked to obtain solid polymer nanoparticles
or nanogels. In contrast to the synthesis of nanoparticles and
nanogels, nanocapsules can be obtained if the crosslinking
agent is added to the continuous phase of the emulsion
and that the reaction between the polymer and crosslinking
agent occurs only at the interface of the two solvents (Fig. 6b).
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Fig. 6 (a) Schematic representation of nanoparticles/nanogels and nanocapsules, (b) scheme of the nanocapsule formation through interfacial
polymerization in miniemulsion droplets,?® (c) TEM image of horseradish peroxidase nanocapsules,”* (d) relative enzymatic activity of horseradish
peroxidase, glucose oxidase and lysozyme after emulsification and crosslinking as nanocapsules,”* (e) stop-and-go release of FITC-albumin from dextran
nanogels by the variation of the pH value of the environment between 5.2 and 7.4,7° (f) schematic of self-assembly and tumor-specific self-degradation
of the collaboratively crosslinked, hyaluronidase (HAase)-degradable hyaluronic acid nanogels (D/aH-cNG), (g) tumor size variation of the tumor-bearing
nude mice treated with different formulations: saline control, DNase |, DNase | loaded nanogels (D-cNG), nanogels loaded with DNase | and the inactive
aHAase concurrently (D/aH-cNG) and D/aH-cNG nanogels with the addition of vitamin K3 (VK3).”? (b) Reprinted with permission from ref. 25. Copyright
2019 Wiley; (c and d) reprinted with permission from ref. 71. Copyright 2021 The Royal Chemical Society; (e) reprinted with permission from ref. 70.
Copyright 2021 The American Chemical Society; (f and g) reprinted with permission from ref. 72. Copyright 2018 Wiley.

When the reaction kinetic is fast enough and the surface
tension of the crosslinked polymer controlled, a solid polymer
shell can be formed covering the precursor droplet.'>® Many
chemical reactions can occur at the droplet interface resulting
in crosslinked core/shell structures.'” Various drugs can be

This journal is © The Royal Society of Chemistry 2022

loaded within the aqueous droplets, which usually results in
very high encapsulation efficiencies.’*>*®® When mild reaction
conditions are applied and the use of reagents and catalysts for
the nanocapsule formation is controlled, sensitive BTAs can
preserve their activity throughout this encapsulation process.
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For instance, such an approach allowed for the encapsulation
of multiple enzymes in one nanocapsule with the aim of
performing enzymatic cascade reactions.”’ Similar strategies
have been used to prepare both polymer and silica nano-
capsules.”*°* All of the enzymes involved maintained their
enzymatic activity after the encapsulation while they were
successfully protected against proteases and heat. This strategy,
of encapsulating biomacromolecular payload dissolved in the
aqueous phase of an inverse miniemulsion by the formation
of a shell at the droplet interface, has been used successfully
to encapsulate enzyme and SiRNA in polymer and silica
nanocapsules.'®

Another technique yielding nanoparticles and nanogels
without the aid of surfactants and organic solvents is precipita-
tion polymerization. This process requires the use of a solvent,
which can dissolve both the monomer and initiator or already
preformed polymers and their crosslinker. Upon the initiation of
the polymerization or crosslinking reaction, the polymer network
becomes insoluble and precipitates as solid particles.”*57:163:164

Examples of application. The distinct structures produced
by the different methods display different properties. Polymer
nanocapsules are hollow containers in which a large variety of
substances can be placed within the core reservoir. The resulting
hosting capacity enables the delivery and the controlled release
of a large variety of drugs from such DDSs.>> In comparison to
solid nanoparticles, nanocapsules with a liquid core allow for
the encapsulation of a much larger amount of payloads.'®> For
instance, poly(p,. lactide-co-caprolactone) nanocapsules were
developed for the delivery of lysozyme and the therapeutic
enzyme DNAse.'®® By optimizing the monomer ratio of the
copolymers employed, the lysozyme encapsulation efficiency
reached 80%. Further, by co-loading, a protein stabilizing sugar
in the nanocapsules core, 98% of the lysozyme biological
activity was preserved. Furthermore, by employing the identical
nanocapsules formulation, 95% of the biological activity of
encapsulated DNAse was retained. In another approach, nano-
capsules were prepared from the biomacromolecular therapeutic
agent itself.”" For instance, proteins and enzymes were cross-
linked in an inverse miniemulsion to obtain solid protein
nanocapsules with a retained biological activity of the biomacro-
molecules (Fig. 6¢ and d). The nanocapsules were synthesized by
using horseradish peroxidase, glucose oxidase, and lysozyme as
the main component of the nanocapsules, while the interior of
the capsules allowed for the encapsulation of additional sub-
stances. Under a predetermined trigger, the enzyme nanoshell
catalyzed the conversion of encapsulated material in situ,
and the capsule acted as a catalytic nanoreactor. With this
approach, the efficient mass fraction of active enzyme was
increased by 50-1000 folds in comparison to conventional
nanoreactors, where the enzyme is usually just encapsulated
and not the building block of the nanosystem.

Nanogels, usually made of hydrogel, are polymer matrices
with the ability to absorb a high amount of water in their
network. Such a dynamic network of swollen hydrophilic poly-
mers can contain ions, salts, polysaccharides or other stabilizing
molecules co-dissolved with the drug and provides an optimal
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environment during the delivery process. Conversely, nano-
particles are built with an unswollen network of rigid crosslinked
polymers and usually display a very high stability during the
delivery process. In all cases, the release of biological agents
incorporated in those polymer systems can occur by diffusion
and mass transport through the polymer network. However, the
release process can also be triggered by either the degradation of
the nanoparticle or by a change in the structure of the polymer
nanosystems, which occurs as a consequence of environmental
signals present at the intended release site."®” In either case, the
crosslinking density of the polymer network decreases while the
mesh size is increased. The mesh size controls steric interactions
between the drugs and the polymer network. When the mesh is
larger than the drug, the drug release process is dominated by the
diffusion of the drug through the polymer network. By control-
ling the mesh size, molecules of different sizes can be released
with great control. For example, the release of fluorescently
labeled albumin from ketone- and aldehyde-functionalized
dextran-based nanogels was controlled by a reversible crosslink-
ing of the polymer network.”® The hydrazone network density
resulting from the reaction with an adipic acid dihydrazide
crosslinker was tuned by the pH-responsive equilibrium between
hydrazide and hydrazone groups. Such dynamic covalent bonds
undergo a reversible disassembly under an acidic pH value
leading to the swelling of the nanogels by ca. 30%. As the effective
crosslinking density decreases, the swelling is triggered. It is fully
reversible and can be used to induce a stop-and-go release of
proteins from the nanogels (Fig. 6e).

In another example, a tumor-specific self-degradable nano-
gel composed of a hyaluronic acid network entrapping an acid-
activatable hyaluronidase enzyme for the systemic delivery of
anticancer proteins was developed.'®® The hyaluronidase was
modified with citraconic anhydride, which shielded the enzy-
matic activity. It can be reversibly activated as induced by the
hydrolysis of the citraconic amide under acidic pH value. The
mild acidity of the tumor microenvironment hence activates
the hyaluronidase enzyme resulting in the swelling of the
nanogel and triggering the release of the enzyme. The released
enzyme is capable of degrading the nanogel network and further
induces the release of the encapsulated anticancer protein,
deoxyribonuclease I intracellularly (Fig. 6f). Further, the deoxy-
ribonuclease I digested the DNA in the cell leading to the tumor
cell death and an enhanced antitumor efficacy (Fig. 6g).

Some examples of polymer nanoparticles and nanogels used
for the delivery of BTAs have proceeded to preclinical trials. For
instance, PLGA nanoparticles loaded with the enzyme iduronate
2-sulfatase were developed to treat the brain disease muco-
polysaccharidosis type II by enzyme replacement therapy.”*
This in vivo study, of a duration of six weeks, was performed
on mice with mucopolysaccharidosis type II, showed a
reduction of glycosaminoglycans typically accumulated in liver
and brain tissues and an overall improvement of the brain
pathology induced by the successful enzyme delivery after
weekly administration of the nanoparticles. Another very recent
study reported on the evaluation of cationic cholesteryl
pullulan nanogels delivering the antigen protein pneumococcal
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surface protein A as a vaccine against Streptococcus pneumo-
niae bacteria, which can lead to respiratory infections.”* This
study evaluated the immunogenicity and therapeutic efficacy of
the nanogel vaccine in non-human primates (macaques). The
results demonstrated that the vaccination of macaques with the
nanogels induced high protection against pneumococcal infections.
The macaques showed protection against pneumococcal intra-
tracheal challenge by two mechanisms, the inhibition of possi-
ble lung inflammation and a decreased number of bacteria in
the lungs.

Advantages and limitations. The encapsulation of BTAs in
nanoparticles, nanogels or nanocapsules offers many advan-
tages. The polymer network can be finely tuned to interrupt
biomacromolecular drugs without their chemical modifica-
tions and thus preserve a high degree of their specific three-
dimensional structures. The crosslinking points in the polymer
nanosystems endow those DDSs with great stability and allow
for further surface functionalizations without the risk of pre-
mature drug release or the loss of physical integrity of the drug
delivery system.'®® The release of encapsulated BTAs can be
controlled either by the degradation of the polymer itself or the
swelling/deswelling of the polymer matrix. Moreover, the ver-
satility of the preparation techniques provides the opportunity
to incorporate an array of responsive units and smart properties
either within the polymers or in the crosslinking points.
One major challenge for the use of this type of DDSs is the
encapsulation of active payload. There are two main strategies
to get the BTAs inside the DDSs. The biomacromolecular
therapeutic agent can be loaded after the synthesis of the
nanoparticle, nanocapsule or nanogel. In this case, the low
diffusion coefficient of those large macromolecules limits their
efficient inclusion inside the DDSs. Alternatively, high encap-
sulation efficiency can be achieved by the formation of the
DDSs around the BTAs, but in this instance, some of the harsh
conditions associated with the formulation process, such as
sonication, the use of organic solvents, or reaction condition
like heat and UV irradiation, can disrupt the sensitive structure
of the biomolecules and reduce the efficacy of the payload.'®®
Furthermore, the chemistries employed during the formation
of the DDSs may lead to side reactions with the sensitive cargo.
Hence, the development of new bioorthogonal reactions should
be implemented more broadly to limit the occurrence of side
reactions involving the therapeutic agent. Additionally, because
of their size and limited diffusion, once a biomacromolecular
therapeutic agent has been successfully encapsulated, it is not
unusual for its release to be challenging, either slow or difficult
to control. The crosslinking density employed in such systems
is a critical aspect controlling the release of encapsulated
macromolecules. For example, during the encapsulation of
macromolecular payloads in polymer nanocapsules, a high
crosslinking density of the polymer shell was shown to prevent
its release from the DDS,"”® while lower crosslinking may
negatively influence the encapsulation efficiency. Hence, the
crosslinking of the networks building the nanoparticles, nano-
gels or nanocapsules used as DDSs needs to be precisely
tailored to the biomacromolecular therapeutic agent to be
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delivered to ensure the encapsulation while allowing for its
successful release. Furthermore, especially in the case of nano-
particles and nanogels, the ratio of polymer used as the
excipient compared to the amount of the therapeutic agent
present in the system is often very large, with a typical nano-
particle composed of at least 10 times more excipient than
active molecules. This can lead to undesired side effects emer-
ging from the polymer material, such as the generation of
immunogenic reaction against the polymer compounds, which
compose most of the carrier.”*

4. Administration routes and
toxicological evaluation of polymer
drug delivery systems

Polymer-based drug delivery systems provide many advantages,
including increased stability of the formulations and versatility
in terms of biomacromolecular therapeutic agents or their
combinations to be delivered, compared to alternative delivery
systems. However, for their efficient transfer from the lab to the
bedside, we need to evaluate their efficacy, using different
potential administration routes and their resulting toxicity after
administration. The efficacy and risks associated with polymer-
based DDSs are influenced by both their chemical compositions
and the method chosen for their administration. As discussed in
the previous sections, the choice of the ideal polymer formula-
tion is highly influenced by the nature of the biomacromolecular
therapeutic agent used. The choice of the administration route is
usually a function of both the therapeutic agent used and the
targeted site of action.

Administration routes

Potential administration routes for polymer DDSs include
intravenous injections, oral administration, pulmonary inhala-
tion, and transdermal delivery.'”* Typically, the intravenous
administration is accompanied by a rapid onset of action and
high availability of the drug even with low doses.'”* At a length
scale of less than 200 nm, polymer DDSs with encapsulated
BTAs can be injected intravenously without any concern about
embolization and blockages of the blood vessels.'”® After the
injection, they are able to permeate and move through the
different organs and tissues. Depending on their surface chem-
istry, they can bind to cell surface receptors and enter target
cells for intracellular delivery of the cargos. However, there are
some risks associated with intravenous injection administra-
tion because of the direct exposure of the DDSs in the systemic
circulation. The challenge is to maintain the DDSs in circula-
tion in the blood for a long enough duration to ensure that the
DDSs reach the site of action."”* In general, immediately after
the injection, the DDSs suffer from a passive accumulation
in the liver and the kidney. Those organs have the natural
function to remove foreign material, such as viruses, bacteria or
the nanoparticles used as DDSs from the bloodstream.'”> After
their injections, many DDSs are subjected to a nonspecific
uptake by the mononuclear phagocyte system, composed of
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different phagocytic cells, such as resident macrophages com-
monly found in the spleen, lymph nodes, and the liver.'”® Both
undesired effects depend on the size and surface functionaliza-
tion of the DDSs and may be prevented by adjusting those
properties.'””

Oral delivery is one of the administration routes associated
with the largest patient compliance. Many biodegradable and
non-biodegradable polymeric DDSs have been used for oral
drug delivery. For instance, a study of PLGA nanoparticles
encapsulating curcumin, a water-insoluble drug, analyzed the
pharmacokinetics and bioavailability of the formulation in vivo
and showed a 6-fold higher oral bioavailability of the nano-
particulate drug delivery system compared with the pure drug.'”®
In another example, polydopamine nanoparticles loaded with
gambogenic acid, an anti-cancer drug, showed that after oral
administration in mice, the polymer DDS increased the plasma
drug concentration almost 3 times without apparent toxicity to
the major organs.'”® One of the major challenges associated
with oral delivery is the transit through the gastrointestinal
tract and the very acidic pH of this environment, which also
contain a complex enzymatic system. Protecting the sensitive
structure of the biomacromolecular therapeutic agent, such as
genetic material, under such harsh conditions is difficult. Even
ensuring the stability of the DDSs is a challenging task, even
more so for systems like polyplexes and LBL assemblies relying
on pH and ionic strength to prevent their dissociation. Conse-
quently, they can be destabilized by the environmental cues
encountered in the gastrointestinal tract. Different strategies
have been implemented to improve the stability of the DDSs.
For example, to increase the stability of a polyplex used for the
treatment of diabetes by oral administration used the presence
of an additive to stabilize the DDSs.*®? In this system, a plasmid
DNA was complexed with protamine, but the protamine used
was functionalized with taurocholic acid. The resulting non-
viral oral gene delivery polyplex protected the integrity of the
plasmid in gastric juice and prevented its degradation by
proteolytic enzymes in the environment. Furthermore, following
administration, the results show significant gene expression in
in vitro, in vivo, and ex vivo experiments. After administering a
single oral dose of the formulation, normal blood glucose levels
were maintained for up to 7 days in three diabetic mouse models
and for 14 days in monkeys with diabetic conditions. Those
impressive results were attributed to the incorporation of tauro-
cholic acid into the delivery system, which led to an improvement
in the stability of the DDS in a broad range of pH, preserving the
integrity of the polyplex.

Pulmonary delivery also has some advantages since lungs
have a high solute permeability, a large surface area for
absorption, and that pulmonary delivery is non-invasive.'®"
For their use in pulmonary delivery, the DDSs should have
the ability to be transferred into an aerosol, for example, by the
nebulization of a colloidal suspension.'®® Then, after the
inhalation, the DDSs loaded with the BTA may provide a
sustained release of the drug in the lung tissue, minimizing
the required dosage frequency.'®" For instance, insulin-loaded
nanoparticles composed of poly(butyl cyanoacrylate) extended
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the blood glucose level reduction over 20 h compared to the non-
encapsulated drug after pulmonary administration to rats.'®*
Furthermore, the local pulmonary administration of DDSs may
reduce potential side effects on other organs. An interesting
example showed the successful pulmonary administration of
PEI-siRNA polyplexes using a liquid aerosol device. In tumor-
bearing mice models, the local delivery of the siRNA polyplexes
resulted in a significant accumulation of the siRNA in the lungs
leading to an inhibition of the tumor growth of the metastatic
lung cancer.'®>

Transdermal drug delivery is another possibility for a non-
invasive systemic drug administration, but the inherent pro-
tective function of the skin often leads to low permeability
toward external substances.'® In general, the molecular weight
of the drug is a significant limitation for the dermal delivery
of therapeutics, and drugs with a molecular weight of more
than 500 Da cannot penetrate through the skin passively.'®®
However, the formulation of a drug or BTA with the appropriate
polymer DDSs can increase the transdermal delivery. The
penetration ability of the DDSs is affected mainly by their
size.'®® For instance, penetration experiments in porcine skin
revealed that polystyrene nanoparticles of 20 nm size permeate
more efficiently in the skin than bigger ones (200 nm).'®°
Furthermore, polymer DDSs are also able to penetrate skin
follicles and hence allow for the opportunity of directed intra-
follicular drug release.'® This release can be initiated by
extrinsic or intrinsic triggers, such as low power density UVA
radiation. For example, ultraviolet A-responsive polyurethane
nanocapsules showed sufficient follicular penetration and
intrafollicular drug release on an ex vivo porcine ear skin model
while showing excellent biocompatibility before and after UVA-
induced cleavage."'®”

Toxicology of polymer DDSs

The use of polymer-based DDSs for the delivery of biomacro-
molecular payloads suffers from the same limitations as DDSs
used to deliver smaller therapeutic agents.'®® In addition to the
toxicity of the DDSs themselves, the toxicity of the polymers
used and their degradation products need to be taken into
account, as well as the toxicity potentially associated with an
off-target delivery of the payload. The clinical application
of polymer DDSs needs to be critically controlled, and the
inherent toxicity of all components of the formulation has to be
screened.'®*'°° However, there is a pervasive challenge in the
study of polymer nanosystems used as DDSs; it is critical
to understand and compare results obtained with different
systems, there could be large variations in how such studies
are performed and how the results are reported. This lack of
standardization impede the community to draw clear conclu-
sions on the interactions and process occurring at such bio-nano
interface.""

Several factors affect the toxicity of polymer DDSs. On the
one hand, those include colloidal properties, such as the size
and shape of the DDSs, the surface charge, and the surface
functionalization. The size is one of the most critical para-
meters in influencing the toxicity of the DDS. Typically, the

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cs00686j

Open Access Article. Published on 11 November 2021. Downloaded on 6/13/2026 6:42:16 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

smaller the size of the nano-DDSs, the higher the associated
toxicity will be. This phenomenon can be attributed to the
increasing ability of smaller nanoparticles to cross biological
barriers and reach different organs without being filtered by the
liver or spleen.'®” Inversely, if the DDSs are too large, they will
be rapidly filtered out and cause local toxicity to the liver and
spleen. Furthermore, the surface charge of the DDSs also signi-
ficantly influences the interaction between the nanocarriers
and the body. In general, nanocarriers with positive charges
show larger toxicity compared to DDSs with negative surface
charges.'”

Other parameters affecting the toxicity of the DDSs are
related to the properties of the polymer material. These include
the origin of the polymer, the molecular weight, the hydro-
philicity, the charge, and the biodegradability. Polymers from
natural sources are usually more biocompatible and biodegrad-
able compared to some synthetic polymers. Their degradation
products are mostly non-toxic, even in high concentrations,
since they are endogenous. Such systems made of, for example,
hyaluronic acid, chitosan, starch or dextran, have been exten-
sively used as non-toxic building blocks for the preparation of
DDSs. For instance, the toxicity of chitosan DDSs upon
repeated oral administrations was studied extensively. A large
variety of chitosan nanosystems, such as nanoparticles composed
of chitosan/alginate, chitosan/glutamic acid or oleoyl-carboxy
methyl chitosan, as well as chitosan-coated PLGA DDSs, have
been studied in different animal models, such rats, mice, and
carps, all those studies revealed no or very limited in vivo
toxicity.'?* 7198

Many synthetic biodegradable polymer building blocks
employed in the design of drug delivery systems, such as poly-
(lactic acid), poly(glycolic acid), and poly(lactide-co-glycolide),
have already been approved by the US Food and Drug Admin-
istration and the European Medicines Agency due to their
safety, biocompatibility, and successful biodegradation during
in vitro and in vivo studies."®® Hence, the design of nano-
particulate formulations using such polymers shows a high
potential for a satisfactory toxicological response. For instance,
PLGA nanoparticles used in A549 human lung cancer cells at a
large concentration range (300-5000 pg mL~') showed no
toxicity even at the highest concentration.’®® Similarly, the
administration of poly(n-butylcyano-acrylate) nanoparticles
coated with polysorbate 80 in vivo in rats showed almost no
cytotoxic or inflammatory effects at therapeutic concentrations
lower than 500 pg mL~".>*° Additionally, the use of biological
coating materials such as chitosan or serum proteins may even
further increase the biocompatibility of polymer nanostructures.
In this regard, an interesting study demonstrated a reduction of
the cytotoxicity of PLGA nanoparticles stabilized with bovine
serum protein when compared to synthetic coating materials in
cultured lung cancer cells.**

At the opposite end of the spectra, charged polymers like
those used to prepare delivery carriers based on electrostatic
interaction, such as polyplexes or LbL assemblies, may exhibit
critical toxicological properties. Cationic polymers are known to
interact with the anionic molecules present at the surface of
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different types of cells, and the use of such polymers can
damage cells and tissues.>*> For instance, the toxicology of
poly(ethyleneimine) was extensively studied and the results
revealed two distinct stages of the cytotoxicity of PEL>*® The
first stage of cytotoxicity is a rapid response; for example,
PEI/pDNA polyplexes and free PEI polymers bound to cell
membranes induced membrane damages in three clinically
relevant human cell lines (Jurkat T cells, umbilical vein
endothelial cells, and THLE3 hepatocyte-like cells) within
30min following the exposure.’®® Then, the second stage of
cytotoxicity occurs after longer exposition to the DDSs; for the
same PEI polyplex, severe apoptotic changes of the cells were
observed after 24 h of exposure. Hence, to avoid the potential
cytotoxicity, cationic polymers used in drug delivery systems
could be designed with the inclusion of degradable function-
alities. Some promising examples of this approach include
the crosslinking of low-molecular-weight PEI with degradable
linkers, such as ester bonds, disulfide bonds, and ketal
functions.?**2° Anther possible approach is the coating of
cationic polymer DDSs with neutral or anionic polymers in
order to increase their biocompatibility. For instance, cationic
polymer micelles composed of a diblock amphiphilic copolymer
of PEI and poly(pt-lactic acid) were coated with polycarboxylic acid
dextran after the binding of survivin-shRNA.>*® The polymer
micelles were used in anti-cancer therapy and resulted in signi-
ficant inhibition of the tumor growth in C26 tumor-bearing mice
without a sign of systemic toxicity as monitored by the bodyweight
loss and survival rate of the mice during the treatment.

5. Conclusion

Biomacromolecular therapeutic agents are promising candi-
dates for the treatment of many complex and severe diseases.
However, due to their inherent low stability and poor delivery
potential under in vivo conditions, the design of tailored and
multi-functional DDSs is essential. The ideal drug delivery
system for BTAs should overcome the following specific chal-
lenges: preserve and protect the vulnerable structure of the
biomacromolecule, and enable the intracellular uptake of the
therapeutic agent. Traditional DDSs, such as liposomal formu-
lations, have shown great success in the delivery of BTAs.
However, these DDSs are inherently unable to simultaneously
solve all the challenges encountered in the delivery BTAs.
Currently, because of advances in protein and oligo-
nucleotide synthesis and isolation, the development and
approval of new biomacromolecular therapeutic agents are
increasing. Consequently, the design of appropriate delivery
systems for such drugs remains a significant challenge to
tackle. While polymer-conjugates of several biomacromolecular
therapeutic agents have already been approved and are cur-
rently being used by patients, other types of polymer DDSs have
primarily only been evaluated in in vitro and in vivo screenings,
with a very small number of cases proceeding to preclinical and
clinical trials. This situation can be mainly attributed to the
complexity in their design, which can become a hurdle when it
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comes time to scale up the production while maintaining
control over the chemistry, structure, and properties during
this manufacturing step. The apparent dilemma in the field is
that successful DDSs require a sophisticated structure and
smart functionalities to simultaneously protect the biomacro-
molecular therapeutic agent, successfully deliver the payload to
the intended site of action, and controlled the release, but such
complex systems are challenging to scale up. Therefore, it is
likely that DDSs combining the desired pharmacokinetic pro-
perties with some degree of design simplicity will more easily
translate from the lab to applications. To allow for more
complex DDSs to thrive and get approval by the authorities
for human use, more attention has to be paid to the develop-
ment of approaches with a high batch-to-batch reproducibility
compatible with industrial scale-up production.*”’

The success rate of new treatments entering clinical trials is
low no matter the type of drugs or delivery systems.>® However,
this is particularly the case for nanodelivery systems where the
translational efficiency and the clinical success rate are both
(still) very low.”* In order to change this situation, a more
systematic study of the nano-bio interaction is needed,"®! and
in addition to some degree of standardization in the field, a
broader scope of models both in terms of diseases and animal
models should be considered.>*

Polymer drug delivery systems are unique among DDSs,
since they can combine multiple functionalities in one nano-
system due to the flexibility in their synthesis. The resulting
polymer DDSs can address all the challenges faced by the
delivery of biomacromolecules. Their unique strength lies in
the unlimited variety of potential starting materials resulting
in precisely controlled and rationally designed systems. The
different architectures of polymer DDSs provide versatile stra-
tegies for the successful delivery of the most challenging
payloads.

Some key advantages of polymer DDSs are their high stabi-
lity in complex environments even at low concentration, the
ability to introduce active targeting ligands but also to tune
passive targeting by controlling their size and shape, their high
loading efficiency, their ability to co-deliver multiple thera-
peutics regardless of their hydrophilicity and molecular weight,
and the selective and controlled release of cargo.
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