
HAL Id: hal-04808821
https://amu.hal.science/hal-04808821v1

Submitted on 28 Nov 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License

A how-to guide through the physicochemical and
biological methods for the development of polymeric
drug delivery systems: Antimalarial vectors as study

case
M.C. Casanova, P. Vanelle, N. Azas, Julie Broggi Broggi

To cite this version:
M.C. Casanova, P. Vanelle, N. Azas, Julie Broggi Broggi. A how-to guide through the physicochemical
and biological methods for the development of polymeric drug delivery systems: Antimalarial vectors
as study case. Next Materials, 2025, 6, pp.100394. �10.1016/j.nxmate.2024.100394�. �hal-04808821�

https://amu.hal.science/hal-04808821v1
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr


Review article

A how-to guide through the physicochemical and biological methods for
the development of polymeric drug delivery systems: Antimalarial vectors
as study case

M.C. Casanova a,b, P. Vanelle a, N. Azas b,*, J. Broggi a,*

a Aix Marseille Univ, CNRS, Institut de Chimie Radicalaire ICR UMR 7273, Faculté de Pharmacie, Marseille, France
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A B S T R A C T

Macromolecular drug delivery systems are engineered nanotechnologies used for the targeted delivery and
controlled release of therapeutic agents to a specific biologic target, a rapidly growing need in the age of tailor-
made therapeutic treatments. The rise of drug delivery systems stems from their ability to solve the pharma-
cological issues that often impede the drug development process. The aim of this review is to provide a detailed
how-to guide through the early stages of the discovery of new drug-loaded nanocarriers. From their synthesis to
their biological evaluations, their development requires multidisciplinary knowledge of chemistry, physics, and
biology and involves mastering leading-edge technological equipment. The essential steps and techniques are
thus described and discussed in the context of the preparation, physicochemical characterization, and biological
study of polymeric drug delivery systems. This guide is intended as a comprehensive and didactic resource to
assist (bio)chemists, (bio)physicists, and biologists, as well as beginners, in their work and discussions on
polymeric nanocarriers. Although this review addresses general themes applicable to all polymeric nanocarriers,
the implementation of these different physicochemical and biological strategies is highlighted through the
concrete case of antimalarial-drug vectorization.
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1. Introduction

Macromolecular drug delivery systems (DDS) are engineered nano-
technologies used for the targeted delivery and controlled release of
therapeutic agents to a specific biologic target [1–4]. For the past de-
cades, several drug delivery strategies have stood out from classical
therapeutic routes, successfully culminating in marketed products
[5–8]. The rise of drug delivery systems stems from their ability to solve
the pharmacological issues that often impede the drug development
process. Both promising drug candidates or marketed drugs have side
effects, arising from their interactions with off-target tissues, and these
are obstacles to the design of optimal disease treatments. Incorporation
of these drugs into macromolecular DDS can improve their pharmaco-
kinetic properties such as bioavailability, efficiency, targeting, solubil-
ity, lifetime, while reducing their side effects, degradation, and toxicity.
These nanocarriers are made of different materials, such as natural
[9–12] and synthetic polymers [13–16], lipids [17–19] or metallic
nanoparticles [20–23]. The variety of available building blocks gives
access to biocompatible and biodegradable vectors [24,25] that can
adopt different macromolecular shapes with characteristic physico-
chemical and pharmacokinetic properties. Notably, their large surface
allows the anchorage of multiple specific targeting ligands, enabling
active vectorization of the drug up to the biological target. Ultimately,
once at its destination, the drug delivery system is designed to release
the drug through the application of external or endogen stimuli [26–29].

These benefits unsurprisingly attract the interest of numerous ther-
apeutic domains [30–35]. The design of drug delivery vectors offering
high recognition of its biological target is rapidly becoming a priority in
the age of tailor-made and individualized therapeutic treatments. Many
reviews deal with the successful applications of these drug delivery
systems to a specific disease, from the perspective of their biological
characteristics and activities. Significant attention is also paid to new
concepts and disruptive examples of nanovectors, with a focus on their
salient physicochemical and biological features. Nevertheless, the field
of research on drug delivery systems remains challenging and
under-exploited, due to technological barriers. One difficulty might be
the high level of interdisciplinarity of these therapeutic strategies. These
rely on the one hand, on organic, material, and analytical chemists,
biochemists, physicists for the preparation and characterization of
drug-loaded macromolecular vectors, and on the other hand, on bi-
ologists, biophysicists, pharmacokineticists, pharmacists, medical and
clinical doctors for their biological and medical analysis. From their
synthesis to their biological evaluations, the development of new DDS
thus requires multidisciplinary knowledge in chemistry, physics, and
biology. Full physicochemical and biological characterizations also
involve the mastering of leading-edge technological equipment. Coor-
dination of these different trades, each with their own language and
specific technical vocabulary, can also be tricky for the progress in
projects, especially for new incomers in the field. Yet, no reviews so far
reflected this amount and variety of theoretical and technical work
behind the design and evaluation of nanovectors.

Hence, the aim of this review is to provide a general practical guide
gathering all the essential steps in the preparation, characterization, and
evaluation of a drug delivery system. This guide is intended as a
comprehensive and didactic resource to assist (bio)chemists, (bio)
physicists, and biologists, as well as beginners, in their work and dis-
cussions on polymeric drug-delivery systems. Our review will thus
include different synthetic strategies for the preparation of polymeric
systems such as polymer-drug conjugates, micelles, or dendrimers. As
well, methods of drug-incorporation into the vector will be presented.
Then, physicochemical characterization techniques will be described,
and discussed, including essential techniques for the determination of
important parameters such as the size, shape, homogeneity, and surface
morphology of nanoparticles. Finally, the review will also introduce the
biological assays, indispensable for their biological evaluation and the
study of their mechanism of action. This focus on the early stages of the

discovery of new drug-loaded nanocarriers will therefore not include
pharmacokinetic, in vivo nor clinical evaluations. The technical prob-
lems inherent to industrial developments will not be addressed either
(storage stability, galenic formulation, etc).

Because of the variety of macromolecular vectors under investiga-
tion, we chose to focus on polymeric drug-delivery systems. Therefore,
this review will not include works on liposome [17], metal-containing
nanoparticles [21], carbon nanotubes [36], protein-polymer conju-
gates [37] or other hybrids systems. As well, it would not have been
possible to deal with biological studies from the perspective of all dis-
eases targeted by DDS strategies. For instance, antitumoral-drug nano-
vectors for the oncology field have already been largely reviewed and
will not be covered here [38–40]. Hence, although this review addresses
general themes applicable to all polymeric DDS, we chose to describe
them in regard of the concrete case study of the antimalarial-drug vec-
torization. Over the past decades, an increasing number of DDS have
been developed for infectious diseases [41–44]. It is therefore quite
natural that these findings also aroused the interest of researchers
committed in the fight against malaria. Recent reviews gather the bio-
logical features of these new antimalarial DDS [45–50]. To trace the
background on the vectorization of antiplasmodial drugs, this practical
guide will therefore start by giving to the non-specialized readers, some
basic information on malaria.

2. Why vectorize antimalarial drugs?

2.1. Background: malarial infections

With 249 million cases reported in 2022 for 85 malaria endemic
countries (including 608.000 deaths), the World Health Organization
(WHO) classified malaria among the infectious diseases of poverty and
as a real public health emergency. [51] Most of the infections (82%) and
deaths (95%) were in the WHO African Region, followed by the WHO
South-East Asia Region (10% of cases and 2% of deaths) (Fig. 1). One of
the major causative agents in Africa appears to be the Plasmodium fal-
ciparum species accounting for more than 80% of estimated cases.
Moreover, children under 5 years of age are the most vulnerable to
malaria (76% of global deaths). [52] Although the number of cases is not
significantly increasing, the rate incidence appears to be more or less
stationary these last years. Since October 2020, WHO recommends the
recent RTS, S/AS01 (Mosquirix™) and R21/Matrix-M (R21) malaria
vaccines for the prevention of P. falciparum malaria in children living in
regions with moderate to high transmission. Nevertheless, malaria
eradication is still out of range and the search for innovative treatment
strategies remains necessary.

The lifecycle of the Plasmodium falciparum strain is very complex and
includes different cycles and stages of the parasite’s development
(Fig. 2). [54] It is made of two cycles that take place in two different
hosts: the sexual cycle in the mosquito and the asexual cycle in the
human. During the sexual cycle, the mosquito produces parasites called
sporozoites that are injected into the human during a bite from an
infected female mosquito (Anopheles) (1). These sporozoites invade the
hepatic cells (liver or “pre-erythrocytic” stages (2)) and asexually
multiply there until cell lysis, to liberate a thousand of free merozoites in
the human blood. This step 2 is not symptomatic for the host. In turn, the
free merozoites invade the human red blood cells (RBCs). This is the
symptomatic erythrocytic stage (3) which causes symptoms such as
fever, chills, anemia, muscular pains, and headaches. During this step,
different forms of the parasite are found according to its development
stage: rings, trophozoites and schizonts. These latter can evolve into
either new merozoites (after cell lysis) or, less frequently, mature ga-
metocytes (male and female). The extraction of these gametocytes
during the blood meal of another mosquito allows the repetition of a
new sexual cycle (4) that will then infect another human (1).
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2.2. Antimalarial drugs that can benefit from a vectorization strategy

Nowadays, the cures from malaria infections are dramatically
impeded by the appearance of resistance mechanisms against antima-
larial treatments, leading to an increase in reported cases world-wide

(Fig. 1). In this regard, WHO currently encourages combination thera-
pies where at least two drugs with different properties are used together
to prevent or delay drug resistance. [55] In this context, the vectoriza-
tion of antimalarial drugs takes its whole meaning. Targeted delivery of
one or two drugs incorporated within a nanocarrier can help circumvent

Fig. 1. Geographical distribution of drug-resistant P. falciparum, according to WHO. Reproduced from World malaria report, 2005 [53].

Fig. 2. Representation of the P. falciparum lifecycle in the human body.
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the resistance mechanisms of the parasite and improve the synergic ef-
fect of combotherapies. A large variety of antimalarial drugs have hence
been subjected to drug delivery system studies (Fig. 3).

Four families of antimalarial drugs have been commonly associated
with DDS: Aminoquinoline (Primaquine (PQ), Chloroquine (CQ),
Quinacrine (QN)); Aryl amino alcohol (Lumefantrine (LUM)); Antifolate
(Pyrimethamine (PYR) and Serine hydroxymethyltransferase (SHMT
inhibitor 1); and Artemisinin (Artemisinin (ART), Artemether (AM),
Artesunate (AN)). The structural diversity of these drugs is explained by
the complexity of the P. falciparum lifecycle, which can be targeted at
different stages of the parasite development. Thus, these drug families
have different mechanisms of action.

In the aminoquinoline family, quinacrine (QN) was once the primary
drug on the market for the prevention and the treatment of malaria
infections, especially during World War II. Nevertheless, it is now rarely
used as an antimalarial. Chloroquine (CQ, 4-aminoquinoline derivative),
a synthetic derivative of quinoline, was also widely used as a primary
approach to eradicate malaria during the 1940s. The overuse of CQ
around the world (especially in Asia and Africa) contributed to the rapid
emergence and spread of resistance within ten years of its introduction.
In the 1950s, several adverse toxicities were reported including car-
diotoxicity, neurotoxicity, hepatotoxicity or even reprotoxicity. Despite
thoughtful studies that explored the different mechanisms of action of

CQ, its exact role is still not clear. [56–58] CQ could prevent the heme
detoxification step in trophozoites: To survive, the parasite needs to
crystallize the toxic free heme (an iron-containing porphyrin precursor
to hemoglobin) into a nontoxic insoluble crystalline hemozoin form. By
inhibiting this hemozoin crystallization, the chloroquine kills the para-
site through heme accumulation. [59] 4-Aminoquinolines are also weak
bases which accumulate in the digestive vacuole of the parasite and
decrease its acidity. These derivatives could also be implicated in
mechanisms of influx/efflux. CQ is still used to treat uncomplicated
malaria cases. and remains effective for malaria prevention in areas
where the parasite is sensitive to chloroquine. It is also the first-line
chemoprophylaxis infection drug for chloroquine-sensitive
P. falciparum, P. vivax, P. ovale, P. malariae, and P. knowlesi strains.
With the emergence of resistance issues, a structurally related drug,
amodiaquine, is often prescribed as an alternative. Primaquine (8-ami-
noquinoline derivative) displays activity against the intrahepatic forms
(hypnozoites) of P.vivax and P.ovale malaria strains and thereby pre-
vents the development of the erythrocytic forms (gametocytes), the
main cause of malaria relapses. [60,61] PQ is generally administered in
combination with blood schizonticide derivatives (artemisinin de-
rivatives or CQ). However, PQ was revealed to be dangerous for patients
with glucose-6-phosphate dehydrogenase deficiency.[48]

Antifolate drugs, like pyrimethamine (PYR) or the SHMT inhibitor,

Fig. 3. Antimalarial drugs vectorized by drug delivery systems.
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inhibit the dihydrofolate reductase of Plasmodium and thereby block the
biosynthesis of purine and pyrimidine bases, which are essential for the
DNA synthesis and cell multiplication of the parasite. [62] PYR also
possesses a schizonticidal activity. They are often used in combination
with Artesunate (AN) to treat acute and uncomplicated malaria cases.

Finally, artemisinin-combination therapies (ACTs) appear to consti-
tute the current WHO-recommended treatment for uncomplicated and
CQ-resistant malaria infections. As pointed out above, artemisinin drugs
are commonly associated with the other antimalarial families to reduce
resistance. [63] Artemisinin derivatives act fast on the early and late
stages of human malaria. These compounds contain endoperoxide
bridges which are essential for antimalarial activity. The general
mechanism relies on the heme-catalyzed cleavage of the endoperoxide
bond to produce cytotoxic radical species. The released free radical in-
termediates then kill the parasite by alkylating and poisoning one or
more essential malaria proteins. [64,65]

Aryl-amino alcohol derivatives like the widely used Lumefantrine
(LUM) also inhibit the intraparasitic polymerization of free heme into
hemozoin. LUM is usually co-administered with artemether (in a com-
bination called Coartem® or Riamet®) to treat uncomplicated
P. falciparum or CQ-resistant P. vivax malaria (first commercialized by
Novartis, 2009). [66] Combination of LUM and artemether (AM) blocks
the synthesis of intraparasitic nucleic acids and proteins which are
essential for the parasite growth. This combination offers rapid, high
efficacy and is relatively well tolerated. Both drugs also have schizo-
nticidal activities (and gametocidal for AM) and LUM is known to pro-
long the action of AM. [67,68] However, recent reports described a
decreasing efficacy of this combotherapy. [69]

The multiplication of drawbacks encountered with these antima-
larial drugs and the emergence of resistance issues prompted researchers
to study polymeric drug delivery systems (DDS) as a new therapeutic
strategy for their vectorization.

2.3. What is the contribution of nanopolymeric drug delivery systems to
malaria treatments?

In the past few years, several studies on nanovector systems for
antimalarial drugs have emerged. The stated aim of these anti-malarial
vectorization strategies is basically the same as for most vectorized
drugs: to overcome the common disadvantages of antimalarial drugs.
Such disadvantages include low blood circulation time, low solubility,
repeated drug administration, quick metabolization, adverse toxicities
and of course, resistance. Nanocarriers can for instance improve the
bioavailability of antiplasmodial drugs, which is highly dependent on
the method of administration. Drugs used to treat severe malaria are
injected through a parenteral or intramuscular route, while drugs used
for the uncomplicated forms of the infection are delivered orally.
Bioavailability is also dependant on drug solubility, rate of physiological
degradations, and other physicochemical factors that impact the phar-
macokinetic profile of the drugs. Drugs with poor oral bioavailability
often require high and/or repeated doses that can result, over time, in
toxic side effects and the appearance of resistance. Macromolecular DDS
generally have a longer lifetime in the blood thanks to their large size
and thus improve the circulation time of the drug in the blood. [50,70]
They also allow the encapsulation of large amounts of drugs while
protecting them against degradation. In the case of malaria, nano-
carriers can also have an impact on the erythrocytic stages, helping
drugs to penetrate the parasite-infected red blood cells (pRBCs) to target
the erythrocytic forms. Passive absorption of a free drug into these
erythrocytes is often problematic as the latter does not have an endo-
cytic system to favour the penetration. The high lipophilicity of drugs,
necessary to penetrate pRBCs, also results in a poor pharmacokinetic
profile and leads to drug-accumulation in non-targeted tissues or in-
teractions with plasma proteins.

These issues of bioavailability and penetrability of antimalarial drugs
could be solved by the use of nanocarriers. Indeed, new permeability

pathways (NPPs), absent from healthy RBCs, have been observed in
pRBCs (Scheme 1). NPPs are transmembrane channels present in the
plasma membrane of pRBCs and are essential for parasite nutrition and
waste excretion. [71] These channels have been estimated to range
between 50 and 80 nm in diameter [72] and to be permeable to bio-
macromolecules. [73] Hence, these NPPs represent an interesting spe-
cific access route for both the passive and the active entry of
drug-delivery systems. [74] Incorporation of antimalarial drugs within
a nanocarrier of the appropriate size can thus promote selective pene-
tration into pRBCs while maintaining the integrity of healthy RBCs.

As in other therapeutic fields, DDS targeting malaria infections can
take different forms, such as liposomes, hydrogels, micelles, dendrimers,
or even inorganic particles. [45–50] This review focuses on polymeric
DDS like polymer-drug conjugates, micelles, or dendrimers. Section 2
describes the different strategies employed to synthesize these nano-
carriers as well as the methods used to anchor or encapsulate the drug.

3. Design and synthesis of polymeric DDS

Whether for polymer-drug conjugates, micellar or dendrimeric sys-
tems, the polymer matrix is generally synthesized before the incorpo-
ration or conjugation of the drug. Depending on the nanocarrier system,
distinctive methods are used to synthesize the polymeric backbone of
the vector. All the physicochemical and biological aspects of these DDS
will be discussed and described in Sections 3 and 4.

3.1. Polymer-drug conjugates (PDC)

Polymer-drug conjugates, also called polymeric prodrugs, generally
consist of a polymeric backbone made of two or three covalently-linked
distinct units of polymers (also called blocks), (Fig. 4). [75] According to
the first model proposed by Helmut Ringsdorf in 1975, [76] several
items can then be connected to this backbone, including different types
of drugs, solubilizing agents, or even specific targeting agents.
Compared to systems where the drug is encapsulated, direct drug
conjugation to the PDC significantly enhances the drug loading
efficiency.

3.1.1. General strategies for the synthesis of PDC
The drug and these items are usually covalently anchored to the

polymeric backbone via a linker that will later allow drug release under
certain conditions (pH, enzymes, etc.). [77,78] Obviously, the choice of
the linker has a strong impact on both drug loading and release mech-
anism. [79] The linker can be a distinct molecular moiety or a simple
functional group existing on the polymer. The anchorage of the drug and
the polymer through the linker usually takes advantage of the presence
of amine, alcohol, ester, or carboxylic acid groups to form amide, ether
or ester bonds (Fig. 4). The most widespread methods to anchor the drug
on the polymer thus involve condensation reactions, like esterification
between a drug moiety (-COOH or OH) and the polymer backbone, or
addition reactions of amino-drug derivatives on the polymer chain.

Three general strategies can be used for PDC synthesis (Scheme 2): a)
the drug is incorporated into a previously synthesized polymer (via a
linker); b) the drug is first linked to some monomer units which are then
polymerized with other monomer units; and c) more rarely, a modified
drug is activated and used as initiator of the polymerization of the
monomer units. While it can be difficult to evaluate the efficiency of the
conjugation rate and/or the position of the drug units on the polymer
backbone with strategies a) and b), method c) allows accurate control of
drug loading and directly positions the modified drug at the end of the
newly formed polymer chain. However, the method c) is not suitable for
a large variety of drugs and sometimes requires tedious modification of
the drug. Moreover, it only introduces one molecule of drug per PDC.

Regarding the constitution of the backbone, a polymer with only one
kind of monomer unit is called a homopolymer, whereas polymers with
more than one type of monomers are called co-polymer s (Scheme 3).
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Co-polymers can be made of random or distinct blocks (often diblocks
and triblocks), which significantly increases the range and diversity of
their chemical properties. Block co-polymers can be synthesized
combining different living or controlled polymerization mechanisms
such as radical, cationic, anionic, ring-opening polymerizations or pol-
yaddition reactions. [80] However, because of reactivities specific to
each monomer, not all combinations of co-polymers can occur. Gener-
ally, four strategies of co-polymerization can be used to combine these
different propagating modes: A) Sequential monomer polymerizations,
B) Site transformation, C) Sequential block-polymer couplings, and D)
Dual initiation method.

In method A, an initiator (green triangle) is used to trigger the

polymerization of a first monomer 1 (grey). Depending on the mode of
propagation of the polymerization, a specific reactive center (*) is pre-
sent at the chain-end of the growing polymer (e.g.: an anion in the case
of anionic polymerization). As long as this chain-end remains reactive,
different monomers can be sequentially added to pursue the polymeri-
zation with a new block. In Scheme 3A, after the polymerization of
monomer 1, the reactive center initiates the polymerization, through the
same mechanism of propagation, of a second sequentially added
monomer 2 (purple) to form the diblock co-polymer. Quenching of the
reactive center prevents further elongation of the polymer chain.

In the site transformation process (B), the polymerization of the first
block is initiated as in method A. The propagation of this first block is
then stopped transforming the propagating reactive centre (*) into a new
kind of initiator (red triangle) which stays hung to the polymer chain-
end. This second initiator triggers the polymerization of a second
monomer (purple) to form the diblock co-polymer. Polymerization of
the second block by means of this homopolymeric initiator allows the
copolymerization of monomers that polymerize through different
mechanisms (e.g. living cationic polymerization followed by radical or
anionic polymerizations).

A diblock co-polymer can also be formed via coupling of preformed
homopolymers (C). The two beforehand prepared homopolymers
contain complementary functional groups at their chain-ends that react
together to form the block copolymer (e.g. through alkyne-azide
cycloaddition reaction).

In the dual initiation method (D), a dual-initiator featuring two
distinct activating groups (green and red) is used to initiate two kinds of
polymerization mechanisms. The polymerizations triggered by each
activating group can be performed sequentially, in any order, or
simultaneously in some cases. This strategy generates diblock co-
polymers connected through the dual initiator.

Ring-opening polymerization (ROP) [81] is the most commonly used
method for the synthesis of biocompatible polymers like poly-D,
L-lactide (PLA), poly-ethylene glycol (PEG), poly-caprolactone (PCL)
or co-polymers like poly-D,L-lactide-co-glycolic acid (PLGA). [82] It also
allows the formation of biodegradable ester or amide polymeric back-
bone. ROP consists in the chain-growth polymerization of cyclic
monomers during which the chain opens the ring of the monomer to
form a longer polymer chain. The main driving force for ROP is the
release of the bond-angle ring strain which varies with the type and size
of the cyclic structure. It essentially works with cyclic monomers con-
taining alkane, alkene, and/or heteroatoms (nitrogen, oxygen, sulfur,
and silicon) moieties in the ring. Ring-opening polymerization relies on
different mechanisms depending on which initiator and catalytic system
are used; it works through anionic (nucleophilic initiator), as well as

Scheme 1. Selectivity of macromolecular DDS for parasite-infected red blood cells (pRBCs).

Fig. 4. Representation of the Ringsdorf model for PDC.

Scheme 2. General strategies for the synthesis of polymer-drug conjugates.
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through cationic (Bronsted acid or metal cations) or radical polymeri-
zations (radical initiator) (Scheme 4).

In anionic ring-opening polymerization, the addition of the nucleo-
philic initiator on the carbonyl group of the monomer (such as ε-cap-
rolactone) promotes the ring opening of the acyl-oxygen bond (A). The
new negatively charged terminal alcoholate group of the opened
monomer B initiates the propagation of the polymerization reaction by

addition on the carbonyl group of another monomer. Anionic ROP is
sensitive to water (anion quenching) and can be subjected to undesirable
intramolecular reactions resulting in cyclic polymers, with lower mo-
lecular weights.

In cationic ROP, the monomer becomes positively-charged (C-D)
after reaction between the carbonyl group and an electrophilic initiator.
Nucleophilic substitution on the cationic monomerD by a newmonomer

Scheme 3. General strategies for the synthesis of co-polymers.

Scheme 4. Typical mechanisms of ring-opening polymerizations (ROP) and polycondensations.
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molecule, leads to its ring opening. The terminal positively charged
monomer C propagates the reaction upon addition of new monomers.
Cationic ROP is difficult to control, often leading to high molecular
weight polymers.

In radical ROP, the monomer must possess a radical accepting group
(such as a C––C bond) and a highly distorted ring structure. The ring-
opening reaction should be combined with an isomerization process to
afford a thermodynamically stable functional group. For instance, the
ring-opening mechanism of the cyclic ketene acetal monomer occurs by
the formation of an acyclic ester bond (which is thermodynamically
more stable) and by the stabilization of the resulting radical by the
phenyl group. Radical ROP is limited by the choice of monomer and by
its sensitivity to air.

Alternatively to ROP, polycondensations are also a common strategy
to prepare biocompatible polyester and polyamide backbones (Scheme
4). Polycondensations consist in the step-growth polymerization of bi-
functional (or even multifunctional) monomers that react to form first
dimers, then trimers, longer oligomers and eventually long chain poly-
mers.[80] In the depicted example, the two nucleophilic atoms (N or O)
of a dinucleophile (diamine or dialcohol) can each add on the carboxylic
acid of a diacid to form an amide or ester group, respectively, and
concomitantly loss a molecule of water. The resulting diacid dimer in
turn reacts with two dinucleophiles, and so on until the polyamide or
polyester chain is formed.

3.1.2. Immune system-evasive stealth nanocarriers
Macromolecular vectors, whatever the therapeutic application, have

the disadvantage of rapidly being recognized by the immune system
(Scheme 5). [83] This rapid immune detection is favoured by the for-
mation of a fast and dynamic coating of endogenous biomolecules
around the surface of a nanoparticle upon exposure to biological envi-
ronments. [84,85] This so-called protein corona forms spontaneously
around colloidal nanomaterials and is usually composed of layers of
proteins (albumin, apolipoproteins, immunoglobulins, complements
C3-C4, etc.). [86] Corona protein-coating of the nanoparticle depends on
many physicochemical factors including the size, shape, surface func-
tionality, surface charge and solubility of the vector, as well as its
binding affinities with proteins and the exposure time. It also depends on
the type of media, nanoparticle to protein ratio, and the presence of ions
and other molecular species that can interfere in this
nanoparticle-protein interaction. This underestimated effect is

responsible of a high failure rate in translating in vitro results to in vivo
applications. Among this aggregation of plasma proteins, the phenom-
enon of opsonization is considered as the main immune-response
clearance method for the removal of large undesirable materials from
the blood. The opsonization corresponds to the attachment of opsonins
to the proteins adsorbed on the surface of the nanoparticle or directly to
its free surface, triggering their uptake by macrophages, and conse-
quently their phagocytosis. Once phagocytosis occurs, the
opsonin-covered nanoparticle is engulfed and/or eventually eliminated
from the bloodstream.

Several research have been led on DDS to interrupt this opsonization
mechanism and avoid immune-cell recognition. PEGylation of the
nanoparticle is the most common strategy, preventing its non-specific
adsorption and increasing its blood circulation half-life. [87,88]
Indeed, the presence of a biocompatible hydrophilic polyethylene glycol
(PEG) moiety on the surface of the nanoparticles reduces interactions
with plasma proteins thanks to steric and electronic hindrance. PEGy-
lated nanoparticles are thus considered as stealth systems. PEG is the
most common polymer used to conceal DDS, but recently alternative
hydrophilic polymers have been used, such as poly
(2-methyl-2-oxazoline) (PMOXA). Despite to its many qualities, PEG
can cause an immune response after repeated injections and has a
limited long-term stability, particularly in vivo. PMOXA is free from
cytotoxicities, hemocompatible and easily internalized by the cells. In
vitro studies also revealed that PMOXA was not sensitive to hemolytic or
enzymatic degradation under physiological conditions, but rather to
oxidative degradation. [89]

Poly(ethylene glycol) blocks of different sizes (average molecular
weight Mn ≈ 200 to > 20 000 g.mol-1) are commercially available with
different functional groups at their chain-end (OH, OR, NH2, COOH, N3,
…). The PEG block is thus generally introduced at last on the co-polymer
backbone, by nucleophilic substitution or addition reactions. This
method is applicable to the PEGylation of polymer-drug conjugates, as
well as the PEGylation of micelle and dendrimer’s surfaces.

Alternatively, several researchers were recently interested in taking
advantage of the protein corona effect as an indirect surface shield
coating to protect the nanoparticles in the body. [90] An artificial
corona coating composed of specifically selected proteins, pre-adsorbed
on the nanoparticle surface prior to introduction into the bloodstream,
could prevent nonspecific protein aggregation and thus phagocytosis.
Moreover, this artificial protein corona could participate to the targeted

Scheme 5. Protein aggregation on nanoparticles.
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delivery of the nanoparticle to the intended biological target. Another
approach, less specific but simpler and more economical, consist in the
functionalisation of the nanoparticle surface with selected ligands
favouring the in vivo recognition and binding of specific endogenous
proteins. Zhan and co. for instance, exploited the binding affinity of a
short nontoxic peptide, derived from Aβ1–42, with apolipoproteins to
achieve brain-targeted delivery of a nanoparticle. [91] Although the
corona effect remains poorly understood, this corona-mediated target-
ing strategy is expected to generate more interest in the following years
for the functionalization of particle surfaces targeting challenging
diseases.

3.1.3. Examples of PDC used in antimalarial therapy
These different synthetic strategies have been applied to the prepa-

ration of polymer-drug conjugates with antimalarial activities. Table 1
summarizes several examples of these PDC and gives an overview of
their main physico-chemical and biological properties.

For instance, the water-soluble random triblock poly(aspartamide)
co-polymer 4 was prepared for the vectorization of pyrimethamine
(PYR) (Scheme 6), [92] following a step-growth polymerization strat-
egy. The polycondensation of D,L-aspartic acid into poly(succinimide)
backbone 1 was triggered by phosphoric acid at high temperatures,
followed by sequential and random additions of amino-substituted de-
rivatives to some succinimide units of this polymer (post-modification of
the polymer chain). The hydrophilic 3-diethylamino-1-propylamine
(DEP) was first added to ensure the solubility of the poly(aspartamide)
(2). Then, the pyrimethamine drug (PYR) and a second antipyretic drug,
the 4-aminosalicylic acid, were randomly conjugated to other succini-
mide units to finally generate the PYR-substituted poly(aspartamide) 4.
Amino acid-based polymers associated to antimalarial drugs can have an
essential antiplasmodial action. Poly(aspartamide) conjugates inhibit
the dihydrofolate reductase (DHFR), an enzyme involved in the
NADPH-dependent reduction of dihydrofolate to tetrahydrofolate. This
reduction reaction, essential for the de novo synthesis of purines and
amino acids, is crucial for the rapid growth of the parasite. The 4-amino-
salicylic acid may act as a good potentiating agent when used in

combination with PYR, as it may interfere with folate metabolism by
inhibiting the transport of p-aminobenzoic acid used by parasites for
folate synthesis. [93] Using the same strategy, the authors also prepared
poly(aspartamide) polymers conjugated to different ratios of other
antimalarial drugs, including primaquine, 4-aminoquinoline or
platinum-base complexes.[92,94] The energy-dispersive X-ray method
(EDX) (section 3.2.4.) was used to confirm the elemental composition of
each poly(aspartamide) conjugates. The particle sizes of all these con-
jugates ranged between 106 and 356 nm. Conjugate 4 was 254 nm in
size with an almost neutral global electrical charge (zeta potential of +
1.62 mV, Table 1, entry 1). The drug loading of PYR and 4-aminosali-
cylic acid in conjugate 4 were 8 and 9% respectively. The drug release
studies showed that the release of PYR was slow and sustained at pH 7.4
when compared to pH 5.4. Finally, conjugate 4was found to be the most
active poly(aspartamide) co-polymer conjugate against the asexual
stage of the parasite, with an IC50 of 332 nM.

In the same vein, the group of Fernàndez-Busquets reported the
synthesis of poly-amidoamine (PAAs) conjugates containing chloro-
quine (CQ) and primaquine (PQ) under their salt forms (Table 1, entry
2). [95,96] The random diblock co-polymer 5 or homopolymers 6 and 7
were first prepared upon Michael-type polyadditions of
bis-amino-derivatives on bis-acrylamides (Scheme 7). Finally, CQ (or
PQ) was incorporated into the PAA polymers by drop-wise addition of a
basic solution of the drug (pH 12) to a solution of PAAs (isoelectric pH)
until neutral pH was reached. While the article is not explicit on this
point, it can reasonably be assumed that the drug deprotonates the OH
or COOH group of PAAs 5-7 to form the ion pair. PAAs are water-soluble
synthetic polymers designed to be biocompatible and biodegradable
into oligomeric residues. PAAs also share some features with peptides
and proteins, facilitating their penetration into pRBCs (pRBCs are
permeable to high molecular mass and polyelectrolytic solutes). These
CQ- and PQ-PAAs were referred as polymer-drug conjugates, although
here the drug and the polymer were connected through an ionic bond
rather than a covalent bond. Indeed, they formed an ion pair where the
drug was incorporated as a cation while the pre-formed polymer was the
anion.

Table 1
Polymer-drug conjugates with antimalarial activities.

Entry 1 2 3

PDC PYR-poly(aspartamide)
(4)

CQ/PQ-PAAs
(5¡7)

AN-poly(heparin)
(8)

Vectorized drug(s) Pyrimethamine (PYR) Chloroquine (CQ)
or Primaquine (PQ)

Artesunate (AN)

Biological target Plasmodium falciparum Plasmodium falciparum Plasmodium falciparum
Polymer synthesis Polyadditions of

amino-derivatives on
poly(succinimide) units

Michael Polyadditions Incorporation of AN
on a pre-formed heparin polymer
(esterification)

Critical micellar
concentration (CMC)

nd nd 20 µg/mL

Zeta potential (ZP) +1.62 mV nd -11.2 mV
Sizes (analysis method) 234 nm (DLS) 20–40 nm (TEM) 112 nm (DLS)

50–100 nm (TEM)
Drug loading (DL) or
Weight/weight ratio
(W/W)%

DL = 8% (PYR)
DL= 9% (4-aminosalicylic acid)

W/W = 14–33% wt% (CQ)
W/W = 15–29% wt% (PQ)

DL= 29 wt%

Conditions of drug
release

Slow release at pH 7.4 (72 h)
Fast release at pH 5.4

65–80% (CQ)
85–100 (PQ) at pH 7.4 (24 h)

pH 7.4: 34% (72 h)
pH 5: 93% (72 h)

Antimalarial activities
(IC50)

332 nM
(free PYR: nd)

6: 19–109 nM (CQ)
4–18 µM (PQ)
7: 15–73 nM (CQ)
2.5–13 µM (PQ)
(free CQ: 16–99 nM)
(free PQ: 4–12 µM)

10 nM
(free AN: 6.3 nM)

Observations Conjugates containing both 4-aminosali-
cylic acid and PYR were the most active
against the asexual stage of the parasite.

Impact of basicity and hydrophobicity of the polymer
backbone in drug release. High polymer lenghts
allowed better IC50 values. Hemolytic activity
observed for 7.

The heparin polymer improved the
pharmacokinetic properties of the PDC and
blocked essential heparan sulfate parasite
receptors.

References 92 95–96 98
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Globular-shape drug-polymer salts were obtained with sizes ranging
from 20 to 40 nm with good w/w ratio ranging between 14 and 36 wt%
(Table 1, entry 2). The PAAs-conjugates showed in vitro activities
ranging from 15 to 109 nM (PAAs-CQ series) and from 2.5 to 18 µM
(PAAs-PQ series). The highest in vitro values were obtained for the
trophozoite stages. The in vitro antimalarial activities of the conjugated-
drugs were not significantly increased compared to their free forms
(except for the conjugate 7-PQ displaying an IC50 reduced by about

35%, but which possessed hemolytic activity). However, the experi-
mental in vivo results demonstrated that PAA-conjugates 6-CQ and 7-CQ
were more effective than the free drug.

In term of polymeric structures, polysaccharides are also widely
applied as nanocarrier as they can extend the retention time in the
bloodstream and provide good biodegradability. [97] The poly(heparin)
backbone of the artesunate-poly(heparin) conjugate 8 also proved
therapeutically interesting as it recognizes the heparan sulfate receptors
present on the cellular surface of the parasite (Fig. 5). [98] Heparin
disrupted both in vitro and in vivo interaction between the protein-1 of
the P. falciparum erythrocyte membrane (PfEMP1) [99] and the host cell
surface receptors, preventing the infection of the RBC. AN-HEP 8 dis-
played a hydrodynamic diameter of 112 nm and a negative global
electrical charge (ZP = − 11.2 mV, Table 1 entry 3). No hemolysis effect
of AN-HEP 8 was noted, which offers the possibility of a safe use for
intravenous injection.

3.2. Polymeric micelles

Micelles are ideal vectors for the delivery of therapeutic agents with
low solubility in water. [100–102] Thanks to their small sizes and

Scheme 6. Synthesis of antimalarial PYR-poly(aspartamide) conjugates 4 by random additions of amino-derivatives.

Scheme 7. Synthesis of PAA polymers 5, 6 and 7 by polyadditions reactions.

Fig. 5. Artesunate-poly(heparin) conjugate AN-HEP 8.
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hydrophilic surfaces, micelles are poorly recognized by the immune
system, which prolongs their plasma half-life. [103] Micelle vectors can
also be functionalized by additional ligands or antibodies anchored to
their surface, including targeting and stimuli responsive systems. [104,
105]

Micelles generally consist of the supramolecular assembly of co-
polymer chains (unimers) composed of different blocks (Scheme 8).
The polymer block of the center core of the micelle is usually hydro-
phobic. It serves as a reservoir in which non soluble bioactive entities
can be incorporated. While the polymer block at the surface of the
micelle is more hydrophilic and favours the assembly of micelles. [106]
Hence, the essential characteristics for the hydrophilic block are good
aqueous solubility, biocompatibility, capacity to form hydrogen bonds
and create steric stabilization. The vectorized drug can be either con-
jugated or encapsulated in the micelle and is generally located in its
inner core.

The strategy used to prepare drug-conjugated micelles consists in the
synthesis of polymer-drug conjugates (PDC) followed by the assembly of
these PDC unimers through a micellization process. Synthetic methods
to prepare PDCs have already been described in the previous section
2.1.1. Hence, this section will focus on the micellization processes that
allow the preparation of micellar particles and on the methods of drug
encapsulation.

3.2.1. General strategies for the synthesis of micelles
In the case of drug-encapsulated systems, the polymer matrix of the

micelle is generally synthesized before drug incorporation. The poly-
merization reactions used to prepare the co-polymer chains (unimers)
are the same as for the synthesis of PDC-copolymer backbones (Scheme
3). Hence, the polymeric matrix of micellar DDS is usually made through
polyaddition reactions or ring-opening polymerizations (ROP). [107]

Other mechanisms such as ring-opening metathesis polymerization
(ROMP) [108] and reversible addition-fragmentation transfer poly-
merization (RAFT) can also be employed.[107]

Micellization is then the process by which unimers assemble into
nanoscopic supramolecular structures known as micelles, when they
reach a threshold concentration in solution called the critical micelle
concentration (CMC) (Scheme 9). Unimers are amphiphilic block co-
polymers, also called surfactants. These unimers are composed of at
least two polymeric segments of different nature, with one relatively
non-polar or hydrophobic (e.g.: PCL block) and the other relatively polar
or hydrophilic (e.g.: PEG block). These different solubility properties are
responsible for the micellization process. Micellization is the result of
attractive-repulsive interactions allowing formation of the micelles from
the unimers. The attractive interaction between unimer segments allows
the association of the polymer chain while the repulsive interaction
prevents unlimited micelle growth to a distinct macroscopic phase.
When the micellization process occurs in an aqueous media, the hy-
drophobic parts associate to form the micellar core, while the hydro-
philic parts form the micellar shell and are positioned between the
hydrophobic core and the aqueous bulk phase. In order to favor the
formation of spherical micelles, the hydrophobic blocks must be shorter
than or of similar length to the outer hydrophilic blocks.

The micellization process and the critical micelle concentration are
entropically driven by the hydrophobic blocks. Indeed, the hydrophobic
effect is associated to an increase in entropy (ΔS) due to the increased
disorder caused by water molecules to reduce their exposure to the
hydrophobic segments of the unimers. The water molecules are expelled
from the central core of the micelle to the bulk aqueous phase. Increased
hydrophobicity and size of the hydrophobic blocks lead to the formation
of micelles at low CMC values, while the opposite is observed when the
size of the hydrophilic block increases. The lower the CMC value, the

Scheme 8. Micellar DDS structures.

Scheme 9. Formation of a micelle and critical micelle concentration (CMC).
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more thermodynamically stable the micelle. Hence, polymeric micelles
with low critical micellar concentration, are thermodynamically stable
and offer good drug stability under dilution in biological fluids. While
micelles with high CMC tend to easily dissociate, resulting in a dilution
effect in the blood. [109,110] The CMCs of block co-polymer micelles
are typically in the range of 10-6 to 10-7 M. The micellar association
number is the number of unimers needed to form a micelle. Micelles are
generally made up of 50–200 unimers and the radius of the spherical
micelles are almost identical to the length of a fully extended unimer
(1–3 nm). The molecular size and geometrical properties of the unimers
determine the size of the micelle. [111] The particles sizes and poly-
dispersity of the micelles can also be influenced by the choice of syn-
thetic strategy (nature of blocks and solvent, concentrations, addition
order, etc.).

Several techniques are used to measure the CMC and micellar asso-
ciation number, such as surface tension, [112] conductivity, [113] light
scattering, [114] and fluorescence methods. [115,116] The fluorescence
technique is routinely employed for CMC determination. Different
fluorescent probes are available, such as the coumarin-153, eosin, Nile
Red or Pyrene. Pyrene is frequently used as a probe following the I1/I3
method because of its high quantum yield and spectral response. [117]
The ratio of the fluorescence intensities of the first (I1) and the third (I3)
vibronic peaks of pyrene reflects the environmental polarity of the probe
(herein micellar formation). The fluorescence intensity of pyrene in-
creases dramatically to the red shift wavelengths excitation spectra
when it is in a non-polar environment, thus when micelle formation
occurs and traps the probe in its core. This shift causes a change in the
vibrational structure of the emission spectra of pyrene, allowing CMC
determination. In other words, when the concentration of the polymer
units reaches its CMC, a sudden drop in the fluorescent intensity ratio is
observed due to the transfer of the fluorescent probe from a polar to a
non-polar environment upon its trapping in the as-formed micelle. From
a practical point of view, a fixed diluted concentration of a fluorescent
probe is added to a unimer solution at different concentrations. The
emission intensities of I1 (374 nm) and I3 (483 nm) vibronic bands of
the probe are then measured under excitation at 336 nm. Micelle for-
mation at the CMC is followed by a decrease in the I1/I3 ratio (Fig. 6A).
The CMC is determined where a stationary curve appears on the spectra
related to a stable electronic effect. The fluorescence spectrum of the
solution is measured by a spectrophotometer in quartz cuvette and
analyzed for CMC calculation. However, although the high quantum
yield and partitioning of pyrene in most micellar cores allows for
versatility and little interference with the micellization process, this
method suffers from low reproducibility and difficulties in spectra
interpretation because of the number of signal shifts. The pyrene assay
requires fluorometers with multiwavelength capabilities, which is not a
standard filter-based plate reader. Recently, a robust method for critical
micelle concentration determination using coumarin-6 as fluorescent

probe was performed in a plate reader, simplifying the experimental
process. [118] The CMC can also be obtained studying the surface ten-
sion of the sample (Fig. 6B).

For instance, for the AN-loaded HEP 8 which self-assembles into
micelles,[98] the crossover point of the two straight lines indicated a
CMC of 20 µg.mL-1 (Fig. 7, A), which is relatively low compared to other
antimalarial-drug loaded DDS (CMC ranged from 0.16 to 2 mg.mL-1).
For the PVP-b-PVL/VE-LUMmicelle 21 (described in section 2.2.3)[143]
the AM drug-loaded micelle (CMC = 2 mg.mL-1) showed greater ther-
modynamic stability than the empty micelle (CMC = 5.2 mg.mL-1)
(Fig. 7, B), a classical phenomenon observed with micelles. [119]

3.2.2. From drug encapsulation to drug release
As Judefeind and de Villiers elegantly explained it in their review,

[120] drug loading during the preparation of a drug delivery system and
subsequent drug release after administration are two critical properties
for the efficiency of such systems. “Drug loading is the process of incor-
poration of the drug into a polymer matrix. Drug release is the reverse process
by which the drug molecules are liberated from this polymer matrix and
become available for absorption and pharmacological action. Drug loading
and release are highly related to each other because both depend on the
physicochemical properties of the matrix, the physicochemical properties of
the drug and the interaction between the matrix, drug and the environment.”
This section provides an overview of the different methods of
drug-encapsulation into micellar systems as well as the techniques used
to assess the efficiency and stability of this drug loading.

3.2.2.1. Drug encapsulation methods. The notion of encapsulation refers
to the enclosing or trapping of one or more substances within a matrix.
Unlike drug-polymer conjugates, the drug is not covalently linked to its
vector but maintained in the nanoparticle through more or less strong
physical interactions. The incorporation and retention of the drug within
the vector can thus occur through hydrogen bonding, ionic interaction,
dipole-dipole interaction, hydrophobic interactions, physical entrap-
ment, precipitation, or it can be adsorbed to the surface (Fig. 8).[120,
121] Most of the time, several loading mechanisms are involved. As with
other DDS, the objective is to protect the active substances from external
factors (for example, to decrease physiological degradation) and/or to
control their course to a precise therapeutic target and their release.
There are different polymeric matrix systems allowing this kind of
encapsulation, but most common being micelles (Section 2.2) and
dendrimers (Section 2.3).

Several processes are available to encapsulate a drug into polymeric
nanoparticles. [122–124] The choice of encapsulation method is widely
correlated to the solubility of the drug and to the physicochemical
properties of the polymeric structure. Formation of drug-loaded micelles
or dendrimers involves simple procedures that can be divided into four
major groups: 1) the nanoprecipitation method, 2) the solvent

Fig. 6. A Fluorescence intensity (or B: Surface tension) versus logarithm of the surfactant concentration for CMC determination.
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evaporation method, 3) the oil-in-water method and 4) the dialysis
(Scheme 10). The method chosen for the formation of drug-encapsulated
nanoparticles can alter the physicochemical properties of the nano-
particles as well as encapsulation efficiency (EE) and drug loading (DL),
(described in section 2.2.2.2). Final drug-loaded nanoparticles are
generally lyophilized at the end of each method to remove solvent
excess.

1) The nanoprecipitation method is generally employed for lipophilic
drugs. In the case of micelles, the drug and the amphiphilic co-
polymeric unimers are first dissolved in a water-miscible organic
solution (methanol, acetonitrile, tetrahydrofuran, etc.). The organic
solution is then drop-wise added to an aqueous medium under stir-
ring to form droplets in suspension. The organic solvent is slowly
evaporated at room temperature allowing the encapsulation of the
drug upon formation and precipitation of the micelles.

2) The thin film method, or solvent evaporation method, is generally
applied for hydrophilic drugs. An organic solution containing a
mixture of the amphiphilic unimers, and the drug is evaporated
under vacuum to form a thin film layer. The dried film is then hy-
drated by addition of water with a buffer of the appropriate pH.
Sonication of the aqueous mixture generates the drug-loaded
micellar nanoparticles. This technique can be used only if both the
block co-polymers and the drug dissolve in the same solvent.

3) The oil-in-water emulsion method (O/W) is another kind of tech-
nique for hydrophobic drug-encapsulation using a water non-
miscible organic solvent to form an emulsion in water. This

method consists in the preparation of a solution of the co-polymers
and the drug in a volatile organic solvent (such as dichloro-
methane, ethyl acetate, etc.). This organic mixture is then vigorously
stirred or sonicated within an aqueous medium to form an emulsion
where the drug and the unimers are trapped in droplets. Because of
the instability of these emulsions, this method generally requires the
use of amphiphilic surfactants in the aqueous phase to prevent
droplet-coalescence. The surfactants align themselves at the surface
of the droplets to increase their stability by decreasing the free en-
ergy at the interface of the organic and aqueous phases. Finally, slow
evaporation of the organic solvent from the as-formed emulsion
droplets traps the insoluble drug in the polymeric particles. The
water phase is then extracted or evaporated to isolate the solid drug-
loaded polymer nanoparticles.

4) In the dialysis method (dialysis bag or “equilibrium dialysis”), a so-
lution of copolymeric unimers and free drug in a water miscible
organic solvent is poured into a dialysis bag. This bag is then
immersed in water. The aqueous phase is changed every couple of
hours until the organic solvent has completely left the dialysis bag by
simple diffusion through the membrane. This slow diffusion of the
organic solvent to the water solution leads to precipitation of the co-
polymers and thus, to the formation of the micelles. While these high
molecular weight drug-loaded particles stay stuck in the dialysis bag,
the non-encapsulated drugs and other impurities can escape to the
aqueous phase through the dialysis bag membrane. At the end of the
process, the dialysis bag is retrieved from the water phase and con-
tains only the pure drug-loaded DDS. Finally, the dialysis bag content
is collected, centrifuged, evaporated, and lyophilized to isolate the
solid drug-loaded DDS. This method is commonly employed for
poorly soluble components (drugs and copolymers).

This dialysis bag method can also be employed for further purifica-
tion of pre-formed drug-loaded DDS. Hence, drug-loaded nanoparticles,
can be placed into a dialysis bag and immersed in water in order to
remove the excess free drug or other impurities. This purification step
can also be carried out using other techniques such as ultracentrifuga-
tion, chromatography, membrane filtration, etc. [125] The dialysis
technique is also a method widely used for the in vitro determination of
drug-release kinetics from a drug-delivery system. [126] The content of
the supernatant may be analyzed for drug loading assays and stability
studies. It provides information on the most appropriate physiological
conditions for the release of the drug from the polymer matrix (tem-
perature, pH, etc.).

In the case of malaria studies, the main methods used for the

Fig. 7. A: CMC spectrums of the AN-poly(heparin) conjugates 8 (Reproduced from ref. 98 with permission from Elsevier) and B: the AM-loaded and free
PVP-b-PVL/VE-LUM micelles 21 (Reproduced from ref. 143 with permission from the American Chemical Society).

Fig. 8. Examples of intermolecular interactions for drug encapsulation.
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Scheme 10. Drug-encapsulation methods: Nanoprecipitation, thin film, oil-in-water, and dialysis methods.
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encapsulation of antimalarial drugs in micelles are the nano-
precipitation and the thin film method (solvent evaporation). The
nanoprecipitation method is generally employed for lipophilic antima-
larial drugs such as ART, AR or SHMT inhibitor. While the thin film
method is used for hydrophilic drugs such as CQ or PQ. [127] The
oil-in-water (O/W) procedure is commonly used for drug-encapsulation
into dendrimers.

3.2.2.2. Drug loading (DL) and encapsulation efficiency (EE). Drug-
loading efficiency (DL, sometimes called DLC Drug-loading content) and
encapsulation efficiency (EE, sometimes called DLE Drug-loading effi-
ciency) are two major parameters for the characterization of drug-
loaded systems and to assess the efficiency of an encapsulation
method. DL and EE are both indirectly obtained by calculating the
amount of free drug (non-loaded) found in the eliminated aqueous
phase, as in the dialysate after purification by the dialysis bag method.
The concentration in free drug of the solution is determined by high-
performance liquid chromatography (HPLC) and/or by UV–VIS spec-
trometry (at a specific wavelength corresponding to the drug-absorption
wavelength). Sometimes, Energy-Dispersive X-ray (EDX) Spectroscopy
(section 3.2.4.) can also be used to confirm the presence of the drug in
the vector by an elemental analysis of the sample.

The drug loading percentage (DL) corresponds to the weight of
entrapped drug divided by the total weight of the resulting drug-loaded
nanocarrier (Eq. 1). m(entrapped drug) is obtained from the initial weight of
added drug minus the weight of free non-loaded drug retrieved from the
aqueous phase. This DL percentage reflects the proportion of encapsu-
lated drug in relation to the whole drug-loaded nanovector. DL is
frequently calculated for systems where the drug is incorporated at the
same time than the nanocarrier is formed (e.g. micelles, polymer-drug
conjugates). As the mass of the drug-loaded macromolecular vector re-
mains largely superior to the mass of the drug, most nanoparticle sys-
tems have relatively low drug loading (DL <30 wt%) and examples of
nanoparticles with high drug loading capacities are attracting increasing
interest. [128,129] For systems that are preformed prior to the drug
encapsulation (e.g. dendrimers), we however noticed that authors prefer
to use weight/weight ratios (W/W) to discuss the proportion of the drug
in their systems. W/w ratios are calculated by dividing the weight of
entrapped drug by the weight of the empty nanocarrier (Eq. 2). W/w
percentages are therefore generally higher than DL percentages as the
weight difference between the drug and the vector is less pronounced.
The nanocarrier can even carry a weight of drugs higher than their own
weight, especially if they are hollow inside, resulting in a w/w loading
capacity superior to 100%. In contrast, a DL percentage superior to
100% can never be obtained. In this review, we specify for each DDS if
the drug loading capacity is calculated according to Eq. 1 (DL) or Eq. 2
(W/W). Unfortunately, authors do not always specify the method of
calculation of the drug loading values they discuss in their publications.
The terms used (DL, w/w ratio, loading capacity, loading entrapment,
etc) are uniformly applied and do not allow to distinguish the equation
used either. It can therefore be very difficult to evaluate and compare the
relative drug-loading values of different drug-loaded nanocarriers.

On the other hand, the encapsulation (or entrapment) efficiency
percentage (EE) reflects the percentage of drug that is successfully
entrapped into the polymer matrix compared to the amount that was
initially added during preparation. It guarantees the efficiency of the
encapsulation method and the stability of the drug-matrix interactions
under the chosen conditions. To calculate EE, the weight of entrapped
drug (m(entrapped drug)) is divided by the total weight of initially-added
drug in the solution (Eq. 3). The percentage of EE can be very high
(up to 85–95%) when the drug is successfully loaded (or when a small
amount of drug is loaded compared to the vector capacity…).

DL(wt%) =
m(entrapped drug)

m(drug − loaded nanocarrier)
x 100 (1)

W
/

W (wt%) =
m(entrapped drug)

m(initial nanocarrier)
x 100 (2)

EE(%) =
m(entrapped drug)

m(initial drug loading)
x 100 (3)

These parameters are important to evaluate the performance of the
drug delivery system as they will directly impact its biological activity.
Ideally, high-drug loading is aimed at ensuring a good therapeutic dose
while reducing the amount of polymeric excipient used in the formu-
lation to minimize its toxicity. [7,128] On the other hand, a high
encapsulation efficiency is a sign of good entrapment and stability of the
drug into the nanocarrier, up to its controlled released under the
appropriate conditions. High EE also ensure an economical formulation
process by reducing drug losses. Both drug loading and encapsulation
efficiency depend on the strength of the interactions between the drug
and the polymer matrix. They are thus strongly related to the structural
(type of vector, size and surface functionalization) and the physico-
chemical (solubility, global charge) properties of the nanocarrier, as
well as the formulation process. The drug loading content can for
instance be correlated to the CMC of a micellar system: a high DL im-
proves micelle stability in the blood circulation and can change its
pharmacokinetic and pharmacodynamic properties. [130] Adjustment
of the pH, temperature, hydrophile/lipophile balance of the solvents, or
stirring rate optimization can be employed to ensure uniform distribu-
tion of the drug and enhance EE and DL, while minimizing aggregation
problems.

As the nanoparticle/drug ratios strongly depend on a multitude of
factors in addition to the nature of the vector, it is difficult to compare
the DL (or EE) values of different DDS containing the same drug. As well,
DL and w/w ratios are not comparable. Nevertheless, as a trend, we can
notice from Table 2 that the chloroquine CQ (or the primaquine PQ)
present similar w/w encapsulation rates regardless of the type of
nanocarrier (≈ 20–40 wt%). Besides, all these polymeric matrixes
contain amine groups that favour the stabilization of the drug through
H-bonding interactions. In dendrimers, the drug entrapment usually
increases with increase in generations of dendrimers and further with
coatings such as with D-galactose coatings (e.g. 27-28). Exceptionally
high w/w ratios are moreover obtained with coated dendrimers
(78–220 wt%). The size of the nanoparticle is not always a guarantee of
high drug loading. The more compact unimolecular micelles (20 nm) of
the dendronized hyperbranched polymerDHP-bMPA 31 allowed higher
weight/weight ratio (21–25 wt%) than the large micellar aggregates
(178–360 nm) of the hybrid dendritic-linear-dendritic copolymer
counterpart 32b (W/W = 12–14 wt%), yet functionalized with the same
bis-MPA polyester dendrons. Substitution of these polyester dendrons by
poly(ester amide) dendrons in the almost identical 32a also allowed to
double the drug loading of CQ and even quadruple it for PQ, thanks to
the H-bond forming ability of the amide groups.

Table 2
Weight/weight ratios of CQ and PQ drugs encapsulated in different polymeric
DDS.

Drug CQ PQ

PAA 6-7 6: 33 wt%
7: 14 wt%

6: 15 wt %
7: 29 wt %

5.0 G PPI Dendrimer 25-
26

- 5.0 G PPI 25:18 wt %
4.0 G Gal-PPI: 110 wt %
5.0 G Gal-PPI 26: 220 wt

%
PLys Dendrimer 27-28 3.0 G PLys: 41 wt %

4.0 G PLys 27: 46 wt %
4.0 G Gal-PLys 28: 78 wt

%

-

DHP-bMPA 31 25 wt % 21 wt %
HDLDBC-bGMPA 32a 31 wt % 41 wt %
HDLDBC-bMPA 32b 14 wt % 12 wt %
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3.2.2.3. Drug release studies. Drug release behavior of a therapeutic
delivery system is an important parameter in the last stages of delivery.
Drug release refers to the process in which the conjugated or encapsu-
lated drug migrates from its inner position to the polymer’s outer surface
and to the biological target. [131] It is directly correlated to the drug
stability and dynamic characteristics, thereby extending the drug’s
bioavailability and efficacy. The study of the drug-release kinetics is thus
a key parameter to predict the in vivo releasing conditions, the final
localization and becoming of the drug. All these factors contribute to the
development of the appropriate market formulation of the final DDS
(drug-dose, pharmacokinetic factors, and storage stability).

The release of the drug from its nanovector is triggered by the
response of the DDS to endogenous or exogenous stimuli that occur upon
physiological changes, typically in altered and/or healthy tissues. Vec-
tors with sensibilities to very specific conditions reduce the concerns of
early drug-leakage and improve drug-bioavailability. Variations of pH,
redox or enzymatic reactions, hypoxia, or even mechanical frictions and
temperature changes are typical endogenous stimuli that can induce
significant changes in the DDS. For example, polymeric particles can
dissolve or disintegrate to create pores in their surface-membrane
allowing the drug escape. Under the in vivo acid conditions, proton-
ation of amino or carboxylate groups, of the drug or the vector, is a
typical way to break intermolecular interactions (Fig. 8), such as
hydrogen and ionic bonds, and release the encapsulated drug. Moreover,
ionization of the polymeric chains of the vector (transformation of the
amino groups NH of a dendrimer into ammoniums NH+ for instance)
induce electrostatic repulsions and thus spacing between the chains.
This swelling of the nanoparticle favours larger void spaces and facili-
tates the drug escape. Exogenous stimuli usually involve more advanced
smart polymers locally applied on a specific part of the body; they
include light irradiations, gases, ultrasounds, or magnetic fields used to
induce the release of the bioactive substance upon polymer-bursting.
[132]

The releasing kinetic factors are dependent on the solubility and
physicochemical nature of the drug, the drug-loading, and the molecular
weight, size, and shape of the nanoparticle. The inherent viscosity and
the glass transition temperature (Tg) of the polymer can also influence
drug-release. Regarding the size of the nanoparticle, it has been
demonstrated that small DDS (around 20 µm) are easily metabolized
through quick renal and splenic clearance, unlocking the drug from the
matrix at the same time. [133,134] However, sizes ranging between 50
and 100 nm are recommended to obtain the full pharmacokinetics ad-
vantages of a nanovector. Release studies also allow to bring to the fore
the release competition between two drugs encapsulated in the same
DDS. [135] This competition often relies on size differences: the smaller
drug is generally released faster from the polymer because of its weaker
hydrophobic interactions with the inner core of the DDS. This phe-
nomenon could find interest when the sequential release of the different
drugs of a combined therapy is sought.

Although it strongly differs depending on the nature of the delivery

system, the release profile generally follows one of these three models:
1) desorption of the surface-bound/adsorbed drug; 2) diffusion from the
nanoparticles; and 3) polymer erosion (or a combined erosion/diffusion
process). [136] In practice, the diffusion from and/or (bio)degradation
of the polymer matrix usually govern the process of drug release. The
rapid initial release, called burst release, generally observed during the
first minutes is often attributed to the release of a fraction of the drug
weakly bound to the large surface area of the nanoparticle, rather than
to the release of the drug incorporated in the inner core of the
nanoparticle.

Drug release can be assessed using various techniques including
sample and separate (SS), continuous flow (CF), dialysis membrane
(DM) techniques, alone or in combination, as well as novel methods such
as voltammetry and turbidimetry.[131] These methods are applicable to
both covalent and encapsulated systems (PDC, micelles, dendrimers,
…). Most commonly, drug release studies are realized via the
dialysis-bag method, previously described in the drug encapsulation
methods section (section 2.2.2.1). The drug-loaded DDS is solubilized in
a phosphate buffer solution (PBS) or in a biological medium to better
mimic the physiological conditions and placed inside a dialysis bag
(Scheme 11). The dialysis bag can be made of different cut-off size,
depending on the average size of the studied polymer matrix. The
selected cut-off size must exclusively allow membrane crossing of the
drug to the external solution, while keeping the polymeric DDS inside
the bag. The whole set-up is then immersed in the external solution and
incubated (generally at 37◦C) throughout the procedure. Under different
operating conditions and time intervals, the content of the PBS-dialysate
is analysed by HPLC to determine the concentration of released drug.

In the case of antimalarial DDS, the release studies are usually car-
ried out under neutral or acidic conditions (pH 7.4 or 5.5) to mimic real-
life conditions in pRBCs and compare the effect of pH on drug-release.
Indeed, the parasitic food vacuole of the parasite is at acidic pH
(≈5,5) and contains a high concentration of enzymes (esterase) or
reducing agents. [137] The pH-sensitivity of antimalarial DDS would
thus allow a specific intracellular activation of the vectorized drug
within the parasited RBCs. In the different kinetic studies, relatively fast
and efficient drug release from the polymer carrier is generally observed
in acidic medium (pH ≈ 5.5) after 24–72 h of incubation while slow
drug-release is noted under neutral conditions (Tables 1–5). The drug
release mechanism is most of the time associated to preferential
degradation of the polymeric chain containing pH-sensitive functional
groups which are hydrolysed under acidic conditions. For example, the
hydrolysis of the ester groups of the hydrophobic backbones of poly
(caprolactone) (PCL) or poly(D,L-lactide) (PLA) polymers leads to
distortion of the nanovector shape and thus to drug-release.

3.2.3. Examples of micellar DDS used in antimalarial therapy
Various micelles have been studied for the vectorization of antima-

larial drugs. Table 3 summarizes different examples of these micelles
and their main physico-chemical and biological properties. In this

Scheme 11. Dialysis-bag method for drug-release studies.
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section, the emphasis will be given to their design and strategy of syn-
thesis. Sections 3 and 4 respectively discuss the physicochemical prop-
erties and biological characterizations of these antimalarial micelles.

An Artemisinin (ART)-loaded micelle carrier was for instance re-
ported by Kheiri Manjili et al. in 2017 (Table 3, entry 1). [138] The poly
(ε-caprolactone)-co-poly(ethylene-glycol)-co-poly(ε-caprolactone) tri-
block 12 (PCL-PEG-PCL) was obtained by anionic ROP of cyclic ε-cap-
rolactone (CL) with PEG-OH as co-macroinitiator and stannous octoate
(Sn(Oct)2) as catalyst (Scheme 12). Sn(Oct)2 served as active trans-
esterification agent, first through coordination between the tin metal
and the hydroxyl group of PEG (9). [139] Then, a subsequent
coordination-insertion mechanism of the Sn-PEG intermediate 10 with
the carbonyl-functionality of the cyclic monomer promoted the cleavage
of the acyl-oxygen bond and thus the ROP of the ε-caprolactone. The
resulting triblock co-polymer 12 was purified and collected by precipi-
tation in cold diethyl ether. Finally, PCL-PEG-PCL micelles were
assembled, and ART encapsulated by spontaneous self-assembly of the
triblock in an aqueous medium (nanoprecipitation method described in
section 2.2.2.1).

The diameters of ART-loaded PCL-PEG-PCL micelles were about
92 nm, with a negative zeta potential (ZP) of -15.4 mV (Table 3, entry
1). [140] Micelles with such negative global electrical charge usually
exhibit an increased circulation time in the blood, thanks to electrostatic
repulsions with the negatively charged surfaces of blood cells and
plasma (see Section 3.2.1). The drug loading and encapsulation effi-
ciencies of ART in these micelles were 19 wt% and 87% respectively.
The In vitro release studies in neutral and acid pH showed that the
quantities of ART released from the micelles were of 30% at pH 7.4 and
66% at pH 5.5. The higher release rate of ART under acid conditions was
attributed to the degradability of the co-polymer upon hydrolysis.
However, drug release kinetics studies suggested that the drug release
mechanism mainly depended on diffusion effect rather than polymer
core degradation. Regarding the in vivo activities, they observed 1.85%
of parasitemia on Plasmodium berghei versus 4.4% for the free ART.

Meier et al. were interested in an innovative amphiphilic block co-

polymer micelle 17 as antimalarial vector including a reduction-
responsive disulfide bond (Scheme 13, Table 3, entry 2). [141] For the
synthesis of the hydrophobic moiety of the micelle (PCL-co-PPCL, 15), a
mixture of caprolactone (CL) and α-benzylcarboxylate-ε-caprolactone
(BCL) was randomly polymerized through anionic ROP initiated by the
organometallic zinc 2-ethylhexanoate (Zn(Oct)2), to give the interme-
diate PCL-co-PBCL random co-polymer 13 (Scheme 13). After
Pd-catalyzed deprotection of the benzyl group, introduction of a 2-pyr-
idylthio disulfide moiety using cysteamine 14 gave the desired hydro-
phobic poly(caprolactone)-co-poly(α-pyridylthio cysteamine
caprolactone) (PCL-co-PPCL, 15). For the hydrophilic moiety of the
micelle, the poly(2-methyl-2-oxazoline) block (PMOXA) 16, beforehand
prepared by cationic ROP of the 2-methyl-2-oxazoline monomer, was
used as an alternative to the classical poly(ethylene-glycol) (PEG). The
polymer 15 was conjugated to the PMOXA block 16 by thiol-disulfide
exchange to obtain the desired PMOXA-g(SS)-PCL block co-polymer
17. Finally, the antifolate drug, the serine hydroxy methyltransferase
(SHMT inhibitor 1), was encapsulated in the micelle by spontaneous
self-assembly of the co-polymer 17 in aqueous medium or through
nanoprecipitation method (section 2.2.2.1).

The redox-sensitive disulfide bond used as linker between the
PMOXA and PCL-PPCL polymer blocks is cleaved in the cell and thus
allows the disassembly of the DDS. Indeed, drug-resistant intracellular
malaria parasites are reported to possess increasing cytosolic reduction
potentials which may allow the in vivo release of the antifolate drug
through the reductive cleavage of the disulfide bridge and disassembly
of the micelle. For instance, the P. falciparum glutathione redox system
(GSH/GSSG) is a major redox buffer located in the cytosol and the
apicoplast. It plays a key role as an indicator of cellular redox status and
oxidative stress, allowing the detoxification of reactive oxygen and ni-
trogen species (ROS and RNS). [142]

SHMT-loaded micelles, made from the assembly of co-polymer 17,
showed interesting IC50 values ranging from 4 to 12 nM, equivalent or
even lower than the free SHMT (IC50 = 4–5 nM) (Table 3, entry 2).
Particle sizes ranged from 27 to 51 nm. To confirm the reductive

Table 3
Micelles with antiplasmodial activities.

Entry 1 2 3

Micelles PCL-PEG-PCL
(12)

PMOXA-g(ss)-PCL-PPCL
(17)

PVP-b-PVL/VE
(21¡22)

Vectorized drug(s) Artemisinine (ART) Serine hydroxy methyltransferase (SHMT
inhibitor 1)

Lumefantrine (LUM) + Artemether
(AM) (Combo = CoArtem)

Biological target Plasmodium falciparum Plasmodium falciparum Plasmodium falciparum
Polymer synthesis Anionic ROP Anionic and cationic ROP +

+ Thiol-disulfide exchange conjugation of
the blocks

RAFT/ROP
+ Click chemistry for
LUM and peptide conjugation

Method of drug
incorporation

Nanoprecipitation encapsulation method Nanoprecipitation
encapsulation method

Nanoprecipitation
encapsulation method for AM

Critical micellar
concentration (CMC)

nd 0.05–0.3 µg/mL 2 µg/mL

Zeta potential (ZP) -15.4 mV nd nd
Sizes
(analysis method)

92 nm (DLS)
80 nm (AFM)

31–53 nm (DLS)
50–100 nm (TEM)

114 nm (DLS)
125 nm (TEM)

Drug loading (DL)
Encapsulation efficiency (EE)

DL = 19 wt%
EE = 87%

DL = nd
EE = 55%

DL = 14 wt% (AM), 27 wt% (LUM)
EE = 60% (AM)

Conditions of drug release 30% at pH 7.4
66% at pH 5.5

Rapid release of the
drug in presence of a
reducing agent (DTT)

20% at pH 7.4
70% at pH 5.5

Antimalarial activities (IC50) 1.85% of in vivo parasitemia versus 4.4% for the free ART 4–12 nM
(free SHMT: 4–5 nM)

1.6 µM versus 1 µM
with the peptide
(free combo: 0.86 nM)

Observations Micelles improve ART water solubility. Higher in vivo
antiplasmodial activity (x2) with a dose-dependent effect.

Biodegradable and reduction-sensitive
delivery system.
Micelles improve SHMT solubility and
protection from metabolic instability.

CoArtem-prodrug is less active than
the free combo (x1000).
Long time required for the release
of the CoArtem-prodrug.
The micelle decreases hemolysis
and toxicity.

References 138–140 141 143
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degradation of the disulfide bond, a reducing agent like dithiothreitol
(DTT) was added to a solution of the nanovector in PBS. The disinte-
gration of the micelles was confirmed by SHMT-drug release and the
formation of polymer aggregates.

Micellar DDS can also be designed as hybrid nanocarriers, inte-
grating two types of antimalarial drugs, incorporated through different
methods. Depending on their properties (chemical functions, solubility),
one drug is usually conjugated to the polymer while the other one is
encapsulated. In 2020, the first micellar nanocarrier of the WHO-
recommended antimalarial combination of lumefantrine (LUM) and
artemether (AM) was reported (Table 3, entry 3). [143] This combina-
tion therapy (“Coartem” Novartis 2009[66]) is recommended for un-
complicated malaria cases. To improve pharmacokinetic aspects,
Klumperman et al. focused on a polymeric carrier PVP-b-PVL/VE based
on poly(N-vinylpyrrolidone) (PVP) and poly(α-allylvalerolactone)
(PVL), functionalized with ethylene glycol vinyl ether (VE) (Scheme 14).
[143] The N-vinylpyrrolidone monomer (NVP) was first polymerized
into PVP-OH 19 using a reversible addition fragmentation chain transfer
(RAFT) polymerization reaction. RAFT is a powerful polymerization
procedure [144] consisting in a reversible deactivation radical poly-
merization (RDRP), allowing a controlled radical polymerization. RAFT
works with a lot of monomers (styrene, nitrile, acrylate, etc.) but the
efficiency of the reaction is directly linked to the choice of chain transfer
agent (CTA) (trithiocarbonates, dithiobenzoates, xanthates or dithio-
carbamate). [145] Xanthate-type CTA as 18 are typical RAFT-agents for

monomers like NVP. This PVP 19 was then used as macroinitiator to
introduce the second PVL block through anionic ROP of α-allylvaler-
olactone. Finally, LUM was covalently linked to the PVL moiety of the
block PVP-b-PVL co-polymer 20 via a simple “acetal click-type reaction”
(DL = 27 wt%). The resulting acide-labile acetal bond easily dissociate
in acid conditions and should thus favour controlled drug release. A
slightly hydrophobic peptide ligand (GSRSKGT) was then anchored to
the surface of the PVP-b-PVL/VE-LUM co-polymer 21 to facilitate the
self-assembly process into micelles. This peptide can also enhance the
uptake into pRBCs. [146] Nanoprecipitation of the pepti-
de-PVP-b-PVL/VE-LUM 22-made micelles ultimately allowed the
encapsulation of the second AM drug within the hydrophobic core of the
“Coartem” AM/LUM-hybrid micelles. Concomitant self-assembly of the
co-polymer 22 and incorporation of AM were made possible by the poor
solubility of AM in aqueous medium and its good interaction with the
PVL hydrophobic core.

AM loading and encapsulation efficiencies in the hybrid micelle were
of 14 wt% and 60%, respectively (Table 3, entry 3). Spherical hybrid
micelles of 114 nm in average size were obtained, ideal to avoid
recognition by the reticuloendothelial system (RES) and for the passive
transport through the NPP of pRBCs (Scheme 1). In vitro biological
studies showed IC50 values of 1 µM for the drug-loaded micelles versus
0.86 nM for the free AM/LUM combination

Scheme 12. Synthesis of PCL-PEG-PCL co-polymer 12 by anionic ROP.

Scheme 13. Key steps of the synthesis of PMOXA-g(SS)-PCL polymer 17.
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3.3. Polymeric dendrimers

Dendrimers are architectural polymeric macromolecules character-
ized by a three dimensional, highly branched, and mono-disperse form
(Fig. 9). [147–149] These features make dendrimers different from
traditional linear and branched polymers. They are composed of three
distinct parts: 1) a central core to which the different branches are
growing out, 2) repetitive branching units and 3) terminals, the surface
of the dendrimer. The drug can be conjugated to this surface or encap-
sulated in the void spaces of the central core. Modifications on these
three parts modulate the properties of the dendrimer, such as its solu-
bility, its thermal stability, or its electrostatic interactions. [150]
Compared to other nano-DDS, the finely controllable structure (leading
to low polydispersity index and precise molecular weight), alongside the
cooperative multivalency with the biological target, makes dendrimers
well-defined and biocompatible vehicle for the vectorization of drugs
[151–153] and/or diagnostic imagery agents in various therapeutic
fields. [154] As a matter of fact, some dendrimers with promising po-
tentials for the delivery of drugs against influenza virus, COVID-19, in-
flammatory diseases, cancers or for vaccine delivery are currently under
clinical trials (phase 1–3). [155–157]

3.3.1. General strategies for the synthesis of dendrimers
A wide range of polymeric structures, including polyamines, poly-

esters, polyethers, triazines, carbohydrates, phosphorus groups or even
peptides can compose the core of the dendrimer. Although different
synthetic methods have been reported for the preparation of dendrimer
matrices, divergent and convergent strategies are most commonly
employed for the construction of the dendrimeric core. [158–160] In
short, the divergent approach consists in a synthesis starting from the
inner core of the dendrimer and expanding toward the external core,
while the reverse path is followed for the convergent approach. The
choice of chemical procedure can impact dendrimer size and the number
of generations.

The widely used divergent method consists in dendrimer growth
from the central core to the surface (Scheme 15). The core must be
multifunctionalized to be extended via a step-by-step iterative addition
of several monomer units giving the first-generation dendrimer (1.0 G).
The external moieties of the dendrimer 1.0 G are then activated to react
again with other monomers and form the second-generation dendrimer
2.0 G. These steps are repeated until the desired number of dendrimer
generations is obtained. For instance, the amine groups of an ethyl-
enediamine (EDA) central core can add on acrylate monomers (Michael

Scheme 14. Key steps of the synthesis of peptide-PVP-b-PVL/VE-LUM 22.

Fig. 9. Dendrimeric DDS with encapsulation (left) or conjugation (right) of the drug.
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addition) to form dendrimer 1.0 G. Addition of new molecules of eth-
ylenediamine on the ester moieties activates dendrimer 1.0 G to
continue the expansion through amide groups, used as branching con-
nections between generations. The divergent method generally provides
high control of the size through stepwise monomer addition and flexi-
bility over dendrimer generation, resulting in high branching rates and
well-defined structures.[158] It also makes it possible to introduce a
large variety of reactive functional groups at the terminals or into the
inner core.

However, the divergent method is often the source of structural de-
fects that impact dendrimer quality and purity. Synthetic failures such as
missing units (incomplete branches growth or unit loss), intramolecular
or intermolecular cyclization/dimerization (growth stopped) are
frequent (Fig. 10).

The typical reactions leading to these defects are depicted in Scheme
16. Thus, incomplete reactions, like the Michael addition, result in
asymmetrical dendrimers. Same outcome with the afterward

degradation of a branching arm by retro-Michael reaction, ester hy-
drolysis or amine oxidation. Moreover, dendrimers with missing units
can still undergo further growth reactions, leading to additional defects.
Elevated temperatures (above 60◦C) usually promote retro reactions or
intramolecular cyclizations, especially when 1,2-alkylene polyamines
are used as core structures. Although reduced temperatures (25–50◦C),
methanolic conditions, controlled concentrations, or extended reaction
times help mitigate these side reactions, they remain common in high-
generation dendrimers, where steric hindrance intensifies the issue.
The proximity of terminal groups during growth step reactions thus
causes both intramolecular cyclization and intermolecular dimeriza-
tion/cyclization. To avoid these abnormal dendrimer syntheses, accu-
rate monitoring of each reaction step by spectroscopic techniques (1H
NMR, FT-IR, and MS, see Section 3.1 for further details) and use of
excess reagents are generally recommended, although this may impact
the uniformity and purity of the dendrimer.

These defects also complicate the separation of defective dendrimers
from the desired ones. Purification methods are restrained and laborious
because of the small differences between the two structures. Recent
advances in purification process significantly improved the ability to
obtain high-purity dendrimers and hyperbranched polymers, a crucial
point for effective and safe applications in drug delivery. Conventional
techniques such as advanced chromatography, selective precipitation or
liquid/liquid extraction can be used.[159,161,162] Alternative and
more sophisticated methods based on membrane separation, such as
optimized dialysis, [163] nanofiltration or ultrafiltration, [164] and
even microfluidic techniques, [165] can be applied to enhance the
distinction between the target dendrimer and impurities. All these
techniques, especially when combined, address the challenges posed by
minimal structural differences among dendrimer variants.

On the other hand, the convergent method a more precise approach
developed to overcome the disadvantages of the divergent method,
consists in a synthesis from the surface to the inner core of the dendrimer
(Scheme 17). [166] The dendrons are independently synthesized and, at

Scheme 15. Preparation of dendrimer matrix by the divergent approach.

Fig. 10. Common structural defects occurring during dendrimer synthesis.
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Scheme 16. Typical side-reactions causing defective dendrimer structures.

Scheme 17. Preparation of dendrimer matrix by the convergent approach.
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the end, all linked together to a central core molecule to form the final
dendrimer. The convergent method offers superior molecular and size
control, and excels in producing pure and monodisperse (more uniform
and symmetric) dendrimers with well-defined structures. This iterative
assembly approach also limits the defect rates and thus formation of
impurities, facilitating the purification phases of the dendrons. Never-
theless, the process can be more expensive, complex to scale-up and
time-consuming with all the separate synthesis and purification steps of
each intermediate. The convergent method gives thus smaller den-
drimers with lower generations compared to the divergent method and
are generally associated to lower overall yields.

A combination of divergent and convergent approaches, called
double-stage convergent approach, can also be used to preserve the
advantages of each approach (Scheme 18). [167,168] This method en-
ables precise control over dendrimer size and structure, ensuring
excellent structural integrity with high-purity and higher yields, while
avoiding defects due to rigorous purification steps between stages. It
thus enhances the synthesis of large and complex dendrimer structures.
The divergent-convergent methods usually rely on environmentally safe
and efficient click-chemistry reactions to selectively connect the sepa-
rately prepared central part and branching units, while minimizing side
reactions. [169] Click reactions such as the Copper- or Strain-Catalyzed
Azide-Alkyne Cycloaddition (CuAAC, SPAAC), [170] thiol-ene or
thiol-yne click reaction (TEC, TYC) thus enable precise structural con-
trol, yielding monodisperse products, and facilitates the introduction of
various functional groups to tailor properties like solubility and
biocompatibility. Moreover, theses mild condition reactions are usually
environmentally friendly, energetically efficient and, thus, suitable for
sensitive substrates. They rely on fast, room temperature and high atom
economy synthesis in aqueous or polar solvents, with limited amount of
toxic reagents or hazardous waste. Their selectivity makes them
compatible with diverse functional groups, eliminating the need for
protecting groups. Their efficiency, reliability and scalability make them
suitable for large-scale industrial applications.

To overcome these synthetic limitations, Ling’s group also developed
a new supramolecular construction approach, consisting of the self-
assembly of small, easy-to-synthesize poly(amidoamine) amphiphilic
dendrimers (PAMAMs)(Fig. 11). [171,172] The hydrophilic PAMAM
dendron part is coupled to a single (or double) hydrophobic alkyl chain
via CuAAC cycloaddition. Their amphiphilic nature then facilitates their
self-assembly into well-defined nanomicelles with large voids and
numerous terminal functionalities. These features enable high-load
physical encapsulation of drugs, delivery of nucleic acids or conjuga-
tion of bioimaging agents on the surface. [173]Moreover, these PAMAM
dendrimers exhibit a good biocompatibility profiles and can be tailored
to mimic protein properties such as good solubility, stability, and also
targeting specificity. The relative small size and easy synthetic routes of
these supramolecular dendrimers offer greater versatility in modifica-
tion while still mimicking the properties of covalent dendrimers. This
simplicity often translates into improved purity, scalability and repro-
ducibility in synthesis, crucial for industrial transposition.

3.3.2. Drug incorporation methods in dendrimers
After the dendrimer synthesis, the drugs are generally conjugated to

the surface of the dendrimer or encapsulated in the void spaces of its
central core (Fig. 9).

For surface functionalization, drugs or targeting moieties are
anchored by bioconjugation with a specific functional group (amine,
ester, alcohol…) of the terminals. As for drug anchoring to polymer
backbones (Fig. 4), formation of these covalent bonds through amide,
ether or ester groups usually applies condensation or addition reactions
on the dendrimer terminals. The choice of terminals also has an impact
on the biological activities of the dendrimer. Hydroxyl (-OH), carboxyl
(-COOH), or amine (-NR) terminals significantly increase its solubility in
aqueous biological environments and its biodistribution. The nature of
the terminals can also improve its biocompatibility, minimizing side
cytotoxicities and facilitating the desired interactions with the thera-
peutic target. They can directly impact the composition of the protein

Scheme 18. Combined divergent/convergent synthesis.

Fig. 11. Self-assembled supramolecular dendrimers mimicking conventional dendrimers.
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corona coating (presented in section 2.1.2) and thus favour an in vivo
protection shield of the dendrimer to reduce the immune response and
improve its bioavailability. Weil and coworkers demonstrated that the
surface charges and hydrophobicity of amphiphilic dendrimers could
alter the protein corona binding around dendrimer-coated liposomes.
[174] They reduced binding of opsonin proteins but increased the
adsorption of proteins controlling cellular uptake. Biocompatible moi-
eties or targeting ligands, such as carbohydrates (glucose, galactose,
mannose, etc.), amino-acids, or peptides, can also reduce the toxicity
and extend the circulation time. More recently, specific biomimetics or
human cell-derived membranes (mitochondrial or red blood cell mem-
branes) have been used as innovative coatings. [175] Although in the
past there had been some concerns about the toxicity of dendrimers
(especially for positively charged dendrimers bearing primary amine
terminals), [176,177] nowadays, these various chemical surface

modifications approaches have been effectively employed to avoid in
vitro and in vivo toxicities while enhancing safety. [178] Core modifi-
cations or increased generation layers can also influence the behaviour
of the dendrimer in the body and minimize its toxicity.

With their multivalent building block structures and void spaces,
dendrimers also easily provide accessible spaces to encapsulate drugs.
[153] The drug is more generally maintained inside the voids of the
dendrimers through intermolecular interactions (Fig. 8). The different
general methods of drug encapsulation described for micelles (section
2.2.2.1) can also be applied to dendrimers. These techniques allow the
formation of a supramolecular complex through non-covalent in-
teractions between the drug and the inner voids of the dendrimer.
Among them, the oil-in-water emulsion and the dialysis methods have
been widely used for the encapsulation of antimalarial drugs into
polymeric dendrimers such as aminoquinoline and its derivatives

Table 4
Glycodendrimers with antiplasmodial activities.

Entry 1 2
Dendrimers 5.0 G PPI, 25

5.0 Gal-PPI, 26
4.0 G Plys, 27
4.0 Gal-Plys, 28

Vectorized drug(s) Primaquine (PQ) Chloroquine (CQ)
Biological target Plasmodium falciparum Plasmodium falciparum
Polymer synthesis Divergent method with EDA as central core Divergent method with PEG as central

core
Method of drug incorporation Dialysis encapsulation method Dialysis encapsulation method
Sizes (analysis method) < 50 nm (DLS) < 50 nm (DLS)
W/w ratio (W/W) Encapsulation efficiency
(EE)

W/W = 18 wt% (25)
W/W = 220 wt% (26)

W/W = 46 wt% (27)
W/W = 78 wt% (28)

Conditions of drug release At pH 7 (storage conditions):
25: 85% (48 h)
26: 89% (6 days)

At pH 7 (storage conditions):
27: 40% (7 h)
28: 40% (24 h)

Antimalarial activities (IC₅₀) nd nd
Observations Significant decrease in release rate with high generation and Gal-coated PPI

dendrimers
Significant decrease in release rate with
high generation and Gal-coated PLys
peptide dendrimers

References 180 181

Table 5
Hybrid dendronized co-polymer with antiplasmodial activities.

Entry 1 2 3

Dendrimers DHP-bMPA X = 4
(31)

HDLDBC-bGMPA
(32a)

HDLDBC-bMPA
(32b)

Vectorized drug(s) Primaquine (PQ)
or Chloroquine (CQ)
or Quinacrine (QN)

Primaquine (PQ)
or Chloroquine (CQ)
or Quinacrine (QN)

Primaquine (PQ)
or Chloroquine (CQ)
or Quinacrine (QN)

Biological target Plasmodium falciparum Plasmodium falciparum Plasmodium falciparum
Polymer synthesis Convergent method Click-chemistry: CuAAc Convergent method

Click-chemistry: CuAAc
Convergent method
Click-chemistry: CuAAc

Method of drug incorporation Oil-in-water encapsulation method Oil-in-water
encapsulation method

Oil-in-water
encapsulation method

Sizes
(analysis method)

13.5 nm (empty)
19 nm (PQ) (TEM)
20 nm (CQ) (TEM)
12 nm (QN) (TEM)

13 nm (empty)
11 nm (PQ) (TEM)
17 nm (CQ) (TEM)
14 nm (QN) (TEM)

178 nm (PQ) (SEM)
360 nm (CQ) (SEM)

W/w ratio (W/W)
Encapsulation efficiency (EE)

W/W = 21 wt% (PQ),
25 wt% (CQ), 23 wt% (QN) EE= 60% (PQ or
CQ),
37% (QN)

W/W = 41 wt% (PQ),
31 wt% (CQ), 48 wt% (QN)
EE= 41% (PQ), 31% (CQ),
48% (QN)

W/W = 12 wt% (PQ),
= 14 wt% (CQ),
EE= 92% (PQ), 100% (CQ)

Conditions of drug release At pH 7, over 72 h:
60% (CQ)
(nd for PQ)

At pH 7, over 72 h:
60% (CQ)
(nd for PQ)

At pH 7, over 48 h:
= 100% (CQ)
= 100% (PQ)

Antimalarial activities (IC₅₀) 69 nM for CQ-31
(vs Free CQ: 32 nM)
12.4 µM for PQ-31
(vs Free PQ: 7 µM)
13.7 nM for QN-31
(vs Free QN: 27 nM)

46 nM for CQ-32a
(vs Free CQ: 32 nM)
11.9 µM for PQ-32a
(vs Free PQ: 7 µM)
27.5 nM for QN-32a
(vs Free QN: 27 nM)

4 nM for CQ-32b
(vs Free CQ: 13.6 nM)
20.5 µM for PQ-32b
(vs Free PQ: 4.9 µM)

Observations More compact and sealed architecture with
high generation and coated dendrimers.

Dendrimer carriers are biocompatible and
exhibit appropriate sizes to enter
into all stages of pRBCs.

Dendrimers reduce hemolysis and toxicities and offer
a new way of treating G6PD deficient patients.

References 183 183 185
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(chloroquine, primaquine and quinacrine). In the case of the oil-in-water
method, the non-water-miscible solvent phase contains the dendrimer
while the water-soluble drug is in the aqueous phase (Scheme 10).
Vigorous stirring of these two phases, present in a specific ratio, creates
an emulsion that is maintained until complete evaporation of the
organic solvent. Finally, the drug-loaded dendrimer is generally sepa-
rated from the emulsion after simple solvent evaporation or via the
dialysis bag method, in order to remove non-loaded drugs. As with mi-
celles, drug loading (DL), w/w ratio (W/W) and encapsulation efficiency
(EE) in dendrimers are determined as described in section 2.2.2.2.

3.3.3. Examples of dendritic DDS used in antimalarial therapy
Different dendrimers have been studied for the vectorization of

antimalarial drugs. This section describes their design and the strategies
for their synthesis. Their main physicochemical and biological proper-
ties are summarized in Tables 4 and 5.

In the field of dendritic DDS, glycodendrimers have attracted some
interest in the delivery of antimalarial drugs (Table 4). Notably, D-
galactose is a promising sugar ligand [179] to target the
Asialo-glycoprotein (ASGP) receptors overexpressed in human hepato-
cytes. Hepatic ASGP receptors allow the endocytosis into cells of pro-
teins containing a terminal galactose moiety. Moreover,
galactose-coated dendrimers are less prone to phagocytosis thanks to
their high polymer density and more hydrophobic surface, which reduce
their hemolytic toxicity and immunogenicity.

Hence, Jain and co. synthesized D-galactose-coated poly(propylene
imine) matrix (Gal-coated PPI 26) via the divergent method and used it
to encapsulate primaquine (PQ) (Entry 1). [180] The fifth-generation
dendrimer matrix was synthesized upon Michael addition of an ethyl-
enediamine central core on acrylonitriles (Scheme 19). The nitrile
groups of the tetra nitrile derivative 23 were then reduced by hydro-
genation under Raney nickel catalysis. Once this first generation of

dendrimer obtained (1.0 G PPI, 24), these steps were consecutively
repeated four times to synthesize the 5.0 G PPI dendrimers 25. The
D-galactose ligands were finally introduced at the surface of the 5.0 G
PPI upon ring-opening of the galactose with a sodium acetate buffer
solution (pH 4.0), and addition of the amino groups of 25 on the alde-
hyde group of the opened D-galactose. The as-formed Schiff’s base
(-N=CH-) were subsequently reduced into secondary amines under these
conditions to form 5.0 G Gal-PPI 26. Primaquine (PQ) was then encap-
sulated through the dialysis method (section 2.2.2.1).

Encapsulation rate of PQ increased in Gal-coated dendrimers and
along with the generations of the dendrimer (0.18 g of PQ/g of non-
coated 5.0 G PPI 25; 1.1 g of PQ/g of coated 4.0 G Gal-PPI; 2.2 g of
PQ/g of coated 5.0 G Gal-PPI 26) (Table 4, entry 1). In molar ratio, it
corresponded to high rate of drug loading content of 30–60 molecules of
PQ for one molecule of Gal-PPI. A higher number of generations, as well
as hindrance of the dendrimer surface with sugar coating, increased the
drug entrapment rate. The more compact structures of large dendrimers
also provide a steric hindrance that prevents drug release, compared to
more open structures. Release studies showed a significant decrease in
the release rate of PQ from high generation and Gal-coated PPI den-
drimers (85% of release in 48 h for non-coated 5.0 G PPI 25; 88% in 5
days for coated 4.0 G Gal-PPI or 89% in 6 days for coated 5.0 G Gal-PPI
26).

Jain and co. also reported the glycodendrimer 28 based this time on a
peptide matrix, for the encapsulation of chloroquine (CQ) (Fig. 12,
Table 4, entry 2). [181] Peptide dendrimers are biomaterials frequently
employed as proteins and liposomal mimetics. Thanks to their poly-
valency, peptide dendrimers can improve affinity, through specific in-
teractions with peptides, proteins, or carbohydrates. [182] Following a
similar divergent method, the 4.0 G galactose-coated peptide dendrimer
28 was assembled around a PEG1000 unit as central core and
poly-L-Lysine units for the branches. The chloroquine (CQ) was then
encapsulated through the dialysis method (section 2.2.2.1). Higher
nanometric sizes were obtained for these Gal-coated dendrimers. As for
the PPI-dendrimer 26, drug loading also increased with dendrimer
generations and in Gal-coated dendrimer (41 wt% for 3.0 G PLys and
64 wt% for 3.0 G Gal-PLys versus 46 wt% for 4.0 G PLys 27 and 78 wt%
for 4.0 G Gal-PLys 28) (Table 4, entry 2). In addition, in vitro release
studies highlighted a significant decrease in release rate of CQ in sealed
architectures of high generation or Gal-coated PLys dendrimers
compared to non-coated PLys (95% for 3.0 G PLys and 75% for
3.0 G Gal-PLys in 7 h versus 40% for 4.0 G PLys 27 in 7 h and 40% for

Scheme 19. Synthesis of 5.0 G galactose-coated poly(propylene imine) dendrimer 26.

Fig. 12. Galactose-coated poly-L-lysine dendrimer 28.
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4.0 G Gal-PLys 28 in 24 h).
Polymer and dendrimer strategies can also be combined to design

hybrid dendronized-polymer DDS with original shapes. Sierra et al.
synthesized dendronized hyperbranched polymers (DHP) 31 derived
from 2,2’-bis(hydroxymethyl) propionic acid (bis-MPA) hyperbranched

polymers (Table 5, entry 1). [183] The bis-MPA polyester dendron
combines the advantages of the hydrolytic degradability of ester link-
ages, and the end-group functionalization with glycine groups to favour
their self-assembly in water into globular unimolecular micelles, of
appropriate size to facilitate their entry into pRBCs (Scheme 20). For this

Scheme 20. Synthesis of the DHP-bMPA hybrid dendronized-polymer 31.

Fig. 13. HDLDBC-bis-(G)MPA dendrimers 32a-b (see Scheme 20 for the structure of bis-MPA dendron).
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convergent approach, the copper-catalysed azide-alkyne cycloaddition
reaction (CuAAC, regioselective formal Huisgen 1,3-dipolar cycloaddi-
tion) was employed as a key step to graft a N-Boc-protected bis-MPA
3.0 G dendron 30 on the bis-MPA hyperbranched polyester 29. [184]
Selective formation of the 1,4-triazole linker and Boc-deprotection
under acidic conditions gave the final DHP-bMPA pseudodendrimer
31. According to the number of generations in 29 (X = 2.0–4.0 G), the
resulting DHP 31 theoretically bear 128, 256, and 512 glycine moieties.
Chloroquine (CQ) or primaquine (PQ) were then encapsulated in the
dendrimer via an oil-in-water procedure (section 2.2.2.1). Drug loadings
were around 20% in weight and encapsulation efficiencies (EE) of 60%
for both PQ and CQ (Table 5, entry 1).[183] The PQ- or
CQ-loaded-dendrimers presented similar sizes: 19 nm for PQ-31 and
20 nm for CQ-31 (measured by TEM method). At neutral pH, stability
studies showed 60% CQ release over 72 h.

Sierra et al. also employed this CuAAC strategy for the preparation of
other hybrid dendritic-linear-dendritic block co-polymers (HDLDBC,
Janus-type dendrimers) based on bis-MPA polyester or bis-GMPA poly
(ester amide) dendrons (bis-GMPA = 2,2′-bis(glycyloxymethyl) propi-
onic acids) (Table 5, entry 2–3).[183,185] The amphiphilic cationic
hybrid dendronized co-polymers HDLDBC-b(G)MPA 32a-b were used
to encapsulate antimalarial drugs such as chloroquine (CQ) and pri-
maquine (PQ). A similar three-step convergent procedure and CuAAC
step were used to prepare and incorporate the three-generation dendron
on the commercial amphiphilic Pluronic® poloxamer (F127) (Fig. 13).
Poloxamers are nonionic triblock copolymers, typically composed of a
central hydrophobic block of poly-propylene glycol flanked by two
external hydrophilic blocks of poly-ethylene glycol (PEG). The ammo-
nium end-chains of 32a-b favour their self-arrangement in aqueous so-
lutions into micelles with glycine groups at the surface, and a good
encapsulation of CQ and PQ with the oil-in-water procedure (section
2.2.2.1). The drug-loaded dendrimerHDLDBC-bGMPA 32a had average
diameters of 11 nm with PQ and 17 nm with CQ (measured by TEM)
(Table 5, entry 2).[183] Drug loadings in weight and encapsulation ef-
ficiencies (EE) in 32a were both 41% for PQ and 31% for CQ. This
Janus-type HDLDBC dendrimer thus presented higher loading capacities
than the DHP-bMPA counterpart 31. In vitro drug release studies
showed a drug release in neutral medium over 72 h of 60% for CQ. After
this period, the remaining encapsulated CQ stayed in the dendrimer.

The consecutive studies carried out by Sierra and Fernàndez-Bus-
quets on these two similar amphiphilic dendronized-polymer HDLDBC-
bGMPA 32a and HDLDBC-bMPA 32b underline the importance of the
dendron structure for the drug-encapsulation (Table 5, entry 2 vs. 3).
[183,185] Introduction of the poly(ester amide) dendrons in 32a allows
to double the drug loading of CQ and even quadruple it for PQ, thanks to
the H-bond forming ability of the amide groups. The poly(ester amide)
dendrons also had a strong effect on the size and stability of the
self-assembled micelles, given the additional H-bonding interactions.
Compared to the very large size micelles formed by polyester 32b (178
and 360 nm), poly(ester amide) 32a generated much smaller micelles of
11–17 nm after drug loading. Both dendrimers 32a and 32b presented

low cytotoxicity profiles (CC50 up to 0.15 mg.mL-1) and exhibited no
hemolysis effect. Compared to CQ-32a (IC50 = 46 nM versus free CQ:
32 nM), CQ-32b displayed an antiplasmodial activity increased by a
factor of ten (IC50 = 4 nM). This enhanced activity may be attributed to
an additional intrinsic activity of dendrimer 32b (IC50 = 0.2 mg.mL-1)
associated with a more specific targeting for pRBCs over healthy RBCs.
Promising in vivo results on Plasmodium-infected mice confirmed these
findings. Better overall health and higher survival rates were observed
after treatment with these CQ-dendrimers.

DDS can also take the form of dendritic system of smaller genera-
tions, involving de facto the conjugation of the drug to the dendrimer.
Tsogoeva and co-workers reported the synthesis of dendritic dimers and
trimers for the vectorization of conjugated artemisinin (ART) and arte-
sunate (AN) [186] (Fig. 14). In recent years, dimerization of natural or
synthetic drugs has become a powerful strategy to increase the biolog-
ical potential of medicinal compounds, while reducing synthesis efforts
and costs. [187] The concept of dimerization has the potential to
improve the pharmacological properties of monomeric drugs, leading to
better biological activity, metabolic stability and bioavailability, or
reduced toxicities. ART and AN drugs are interesting candidates for this
dimerization approach. [188–190] as they contain useful functional
groups (alcohol and carboxylic acid) to facilitate the formation of co-
valent bonds with the small dendritic matrix. The tris- and
tetra-substituted dendritic oligomers 33-35 were thus prepared in 2–4
steps using a succinic skeleton to combine three or four molecules of
artemisinin (ART) and artesunate (AN) around a polyester dendron
(Fig. 14).[186] These ART and AN-conjugated dendrimers were evalu-
ated for their in vitro biological activities towards Plasmodium falciparum
3D7 parasite-invaded red blood cells (pRBCs). Higher antimalarial ac-
tivities were observed for AN-DDS (IC50= 5.4 nM for 34 and 5.7 nM for
35) compared to ART-DDS (IC50= 343 nM for 33) (Free AN: 9 nM). They

Fig. 14. ART- and AN-conjugated dendrimers of small generation 33-35.

Table 6
List of methods for DDS physico-chemical characterizations.

Methods Determined parameters Objectives and
information

Dynamic light scattering (DLS) Hydrodynamic diameter
and
electrophoretic mobility
in solution
Zeta potential (ZP)

Particle size
Surface charge
Stability

Size exclusion chromatography
(SEC)

Average mass and
dispersity of the polymer

Molecular weight
Chain lengths

Ultracentrifugation (UCA) Density and
hydrodynamic diameter

Particle size

Spectrophotometry Fluorescence of the probe
(generally: pyrene)

Critical micelle
concentration
(CMC)

Atomic force microscopy (AFM)
Transmission electron
microscopy (TEM) Scanning
electron microscopy (SEM)

Homogeneity, height
Overall shape and size of
the particles Particle
surface morphology

Particle
morphology/form
(image of the
particles)
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concluded that artesunate (AN) should be considered as a viable alter-
native to artemisinin derivatives, although artesunate ester derivatives
are less hydrolytically stable.

In summary, two main families of antimalarial compounds are
frequently incorporated in these DDS vectors: aminoquinoline de-
rivatives, such as chloroquine (CQ) and primaquine (PQ), and artemi-
sinin derivatives, notably artemisinin (ART) and artesunate (AN). In
addition, there seems to be a correlation between the type of molecule
and the choice of method of incorporation. For instance, compounds
with a “conjugable” functional group such as a primary amine (-NH2)
(pyrimethamine (PYR)), or an alcohol (-OH) (lumefantrine (LUM)) or a
carboxylic acid (-COOH) (artesunate (AN)) are typically incorporated in
polymer-drug conjugates (PDC). For other kinds of drugs where the
conjugation appears to be more complex and could require different
preliminary steps of synthesis, encapsulation is preferred.

For encapsulating systems, the choice of vector type and method of
drug incorporation depends directly on the solubility of the drug.
Regarding dendrimers, a particular profile emerges with the systematic
encapsulation of water-soluble molecules such as aminoquinolines de-
rivatives. Unlike micelles which are more amphiphilic, dendrimers are
relatively lipophilic structures, de facto impeding the encapsulation of
hydrophobic compounds. Thus, the oil-in-water or dialysis methods are
very widespread methods for the encapsulation of drugs in dendrimers.
In the case of micelles, the choice of the drug is less limited as incor-
poration relies on simple self-association of the unimers, linked to their
solubility and electrostatic interactions. For micellar DDS, the nano-
precipitation method is widely used, followed by the thin film method.

4. Physicochemical characterizations of polymeric DDS

The dynamic nature of polymeric DDS makes it difficult to fully
characterize them by the conventional techniques used for small mole-
cules. This section summarizes several methods used for the physico-
chemical characterization of macromolecular DDS, including standard
or more advanced techniques. Although each of these methods has its
own advantages and disadvantages, it should be kept in mind that the
characterization of a macromolecular polymer cannot be accomplished
with a single method, but rather by combining different methods for

conclusive results. The most common methods and their purpose are
listed in Table 6.

4.1. Characterization of the chemical structure

Several chemical tools are available to characterize the nature of the
polymeric backbone and confirm the drug incorporation.

4.1.1. Nuclear Magnetic Resonance (NMR)
Proton (1H) and carbon (13C) nuclear magnetic resonance (NMR) is

traditionally considered as a spectroscopic method of choice to assign
the atoms along the polymer backbone and side chains, and thus confirm
the chemical compositions of (co)polymers, micelles, and dendrimers.
[191] In addition to the usual information on the atomic structure, the
relaxation times measured when the excited nuclei return to their
thermodynamically stable states reveal valuable information for study-
ing macromolecular dynamics. NMR spectroscopy can thus provide
detailed and quantitative information on the topology, dynamics, and
three-dimensional structure of molecules in solution and the solid state.
Moreover, NMR can be used to monitor the progress of polymerization
reactions by determining monomer conversion into polymer or to
calculate monomer ratios in copolymers (relying on the quantitative
analysis of signal intensities). However, this method remains limited by
its mid sensitivity, which generally results in NMR spectra characterized
by a low signal-to-noise ratio (S/N). Information on the nature and
position of the few covalent bonds formed between the end/side-chain
groups and the polymeric backbone can thus be difficult to obtain by
NMR. Recent promising NMR techniques, such as Dynamic Nuclear
Polarization (DNP) can be used to increase signal sensitivity and in-
tensity. [192]

Hence, the successful preparation of LUM-polymer conjugate 21
[143] was confirmed by 1H NMR spectroscopy at each step of the syn-
thesis with the disappearance of the characteristic signals of the
different intermediates 20a-20c (allyl protons (a), carboxylic acid (b),
methylene and vinylic protons (c)) and the appearance of characteristics
signals of LUM drug (d)(Fig. 15).

In the case of dendrimer synthesis, 1H NMR is an indispensable
technique to monitor at each step the progress of the branches growth

Fig. 15. 1H NMR spectra and chemical structures of (a) allylated PVP-b-PVL 20a, (b) carboxylated PVP-b-PVL 20b, (c) vinyl ether-functionalized PVP-b-PVL 20c, and
(d) LUM-polymer conjugate 21 (CDCl3, 400 MHz). (Reproduced from ref. 143 with permission from the American Chemical Society).
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and rapidly identify the synthetic failures. Detailed information on the
chemical environment and integration of hydrogen atoms helps
discerning missing branching units or abnormal terminal functionali-
zations. Differences in chemical shift and pic shapes allow identifying
intramolecular cyclization. Finally, 1H NMR can also be useful for the
detection of impurities due to external contaminations or side reactions.
Thus, Sierra and Fernàndez-Busquets confirmed by 1H NMR the effi-
ciency of the click CuAAC step between the bis-GMPA dendron and the
poloxamer chain of HDLDBC-bGMPA 32a, through identification of the
small hydrogen signals of the triazole.[183]

4.1.2. Fourier Transform Infrared Spectroscopy (FT-IR)
Fourier Transform Infrared Spectroscopy (FT-IR) is used to deter-

mine the chemical composition of a sample through the identification of
the molecular vibrations created by infrared light irradiations. Each
band is characteristic of a type of chemical bond, and combined, they
form amolecular “fingerprint” of the sample.In the case of polymers, FT-
IR is usually used for the validation of heteroatom functional groups
such as hydroxyl, ether, carbonyl, or carboxylic acid groups found in
polymers like PEG or PCL. It can also confirm drug-polymer coupling.
For example, on the spectrum of the artesunate- conjugated poly(eth-
yleneglycol) monomethyl ether AN-mPEG 36, Muir and co-workers
observed the disappearance of the characteristic O-H absorption band

(3278 cm− 1) of the carboxylic group of the free AN, and the simulta-
neous appearance of a new band (3514 cm− 1), typical of strong inter-
and intra-molecular hydrogen bonds found in the link between AN and
the polymer (Fig. 16). [193] The AN-mPEG 36 also showed intense
characteristic stretching bands of mPEG at 2860 and 1100 cm− 1 and the
typical peaks of the AN-peroxy bridge bonds at approximately 830 and
737 cm− 1. This FT-IR spectra confirmed the conjugation of the mPEG to
the AN backbone.

In the case of dendrimers, FT-IR is employed to validate the trans-
formation of specific functional groups such as alcohols into esters, or
amines into amides or nitriles. Due to its low sensitivity, FT-IR usually
does not allow the observation of most frequent defects such as missing
units, cyclization or dimerization, supporting the essential role of 1H
NMR and MS analysis for this purpose.

4.1.3. Steric exclusion chromatography (SEC)
Steric exclusion chromatography (SEC) (also called Gel permeation

chromatography (GPC)) is a liquid chromatography technique based on
the separation by size (hydrodynamic volume) of dissolved macromol-
ecules, during their elution through a column filled with porous gel
beads (stationary phase). Large polymers of molecular weight that are
above the column exclusion limit are not trapped and are rapidly eluted
in the dead volume. Polymers small enough to penetrate the pores of the

Fig. 16. FT-IR spectra of AN-mPEG (36) and free AN.
(a) (Reproduced from ref.193 with permission from Elsevier).

Fig. 17. Size-Exclusion Chromatography (SEC) chromatograms.
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stationary phase are trapped, to varying degrees depending on their size,
and will thus be ejected from the column at different elution volumes
(Fig. 17). The number average molecular weight (Mn), the weight
average molecular weight (Mw) and the dispersity (Đ) of the polymers
are deduced from this chromatogram. [194]

The number average molecular weight (Mn) represents the statistical
average molecular weight of all the polymer chains in the sample and
influences the thermodynamic properties of the polymer (eq 4). While
the weight average molecular weight (Mw) considers the molecular
weight of each chain in determining their contribution to the molecular
weight average, rather than just their number (eq 5). The more massive
the chain, the more the chain contributes to molecular weight.Mw better
reflects the proportion of large polymer and influences the bulk prop-
erties and toughness of the polymer.Mw is always greater thanMn unless
the polymer is completely monodispersed (Đ=1, all the chain lengths
are equal). Finally, the ratio of Mw to Mn is also used to calculate the
polydispersity index (PDI) of a polymer (Eq. 6), also called dispersity Đ.
The dispersity represents the homogeneity of a polymeric population
according to the range of molecular weights. The wider the molecular
weight distribution, the larger the PDI and the less homogeneous the
population.

Mn =

∑
Mixni
∑

ni
(eq4)Mw =

∑
Mi2xni

∑
Mixni

(eq5)Đ =
Mw
Mn

(6)

SEC can be useful to monitor the progression of a (co)polymerization
by observing the increase in molar masses. For instance, the final
HDLDBC-bGMPA dendrimer 32awas eluted faster than its dendrons bis-
GMPA and F127 poloxamer (Fig. 18),[183] confirming its higher mo-
lecular weight.

Due to the poorly defined macromolecular structures and relatively
high molecular weights of polymers, mass spectrometry (MS) analysis,
including high-resolution mass spectrometry (HRMS), are generally not
methods of first choice for the mass determination of polymers.

However, in the case of the well-defined structure of dendrimers, mass
spectrometry is important to determine their precise molecular formula
and molecular weight. The sensitivity of the technique and the precise
information on the different masses of a mixture of dendrimers also
make it possible to detect the presence of defective dendrimers and to
identify their structural defects. Identification of cyclized or dimerized
dendrimers is thus easier by mass spectrometry than by 1H NMR. The
efficient conjugation of drugs or targeting ligands on a dendrimer sur-
face can also be confirmed and quantified by mass spectrometry.

4.1.4. Diffusion-ordered spectroscopy (DOSY)
Diffusion-ordered spectroscopy (DOSY) seeks to separate the NMR

signals of different species according to their diffusion coefficient. [195]
This analytical method produces a two-dimensional correlation spec-
trum with chemical shifts on the horizontal axis and diffusion co-
efficients on the vertical axis. Hence, nuclei that are distinct but
structurally correlated in the same molecule display NMR signals at the
same diffusion coefficient. DOSY experiment has been, for example,
performed to confirm the successful conjugation of lumefantrine (LUM)
to the polymeric backbone of 20c (Fig. 19).[143] The same translational
mobility was observed for both proton NMR signals of LUM and the
polymer, testifying the covalent binding between these two components
to form LUM-polymer conjugates 21 (Fig. 19).

4.1.5. Differential scanning calorimetry (DSC)
Differential Scanning Calorimetry (DSC) is used to determine the

stability of biomolecules directly in their native form, as well as their
purity, their polymorphic forms, or their molecular interactions. It is
based on the measurement of the heat variation associated with the
thermal denaturation of a molecule subjected to constant heating. DSC is
also used to gain information on drug-polymer interactions as well as the
physical changes occurring on the drug or the polymer during the
thermal analysis. For instance, DSC can be used to compare the stability
of drug-loaded micelles against their free drugs. For the AM-loaded LUM
hybrid micelle 21 (Coartem combination), DSC analysis indicated an
increased stability of the drug encapsulated in the micelle, reflected by a

Fig. 18. SEC chromatograms of dendrimer 32a and its dendrons bis-GMPA and F127.
Reproduced from ref. [183] with permission from the Royal Society of Chemistry.

Fig. 19. DOSY spectrum of LUM and the PVP-b-PVL/VE-LUM copolymer 21.
(Reproduced from ref. 143 with permission from the American Chemical Society).

Fig. 20. DSC thermograph of AM-loaded 21 and free AM. (Reproduced from ref.
143 with permission from the American Chemical Society).
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higher melting point (Fig. 20).[143]

4.2. Characterization of the physical properties

Parameters such as the size and the shape of the nanoparticle are
strongly influenced by the synthetic pathways used to obtain the poly-
mer backbone, by the method of drug insertion, or by the intrinsic na-
ture of the polymeric nanovector or the drug. Several physical methods
can give valuable information on the size, shape, and surface charge of
the nanoparticle.

4.2.1. Dynamic light scattering (DLS) and zeta potential (ZP)
Dynamic Light Scattering (DLS) (also called Photon Correlation

Spectroscopy PCS or Quasi Elastic Light Scattering QELS) is a spectro-
scopic method used to evaluate the size distribution profile and the zeta
potential of particles in suspension. [196] DLS is a label-free, non--
destructible, rapid, and accessible method broadly compatible a large
array of particles of nano to sub-micrometer sizes. It is also a repro-
ducible technique that does not require high concentrations of product
(less than 5 mg/mL). In practice, the particle size is determined by
measuring changes in laser light intensity, perpetrated by the random
movement of particles in the suspension (known as Brownian motion).
Rapid changes in light intensity indicate rapid changes in relative po-
sitions, characteristic of small particles, while large particles tend to
move around more slowly (Fig. 21, A). This hydrodynamic size is
dependent of the temperature and viscosity of the solution and its
standard deviation can be correlated to the width of the size distribution
and converted to a polydispersity index (PDI). DLS experiment can also
allow the detection of aggregates, as it provides size distribution through
the Z-average and/or directly through the peak size value. For a

perfectly monodisperse sample (only one population of peak), the size
values obtained by Z-average and peak size are substantially the same
(Fig. 21, B). However, for a polydisperse sample such as in aggregates,
the values are different from the different population peaks (at least two
populations, Fig. 21, C). In this case, the Z-average value is irrelevant
and only the corresponding peak sizes must be considered.

DLS can also be used to determine the zeta potential (ZP) of the
sample (also called electrokinetic potential), which represents the global
electrical charge of a nanoparticle in suspension as a function of ions
surrounding it (Fig. 22). The mobility of the charged particles under the
effect of an electric field (such as electrostatic repulsion between adja-
cent and similarly charged particles) is converted into a zeta potential
according to Henry’s equation. It is one of the fundamental parameters
employed to determine the stability of colloidal dispersions or estimate
the surface charge of a particle. [197,198] High zeta potential (negative
or positive) implies highly charged particles, a key parameter to obtain
stable nanoformulations. Indeed, the strong electrostatic repulsions
between highly charged particles prevent the aggregation of the parti-
cles and thus maintain good nanosuspension stability. Generally,
nanoparticles whose ZP is more positive than+30 mV (or more negative
than − 30 mV) are considered stable. On the other hand, a low ZP (from
− 30 mV to +30 mV) implies that attractions between the particles
overcome the repulsions, thereby favoring particle aggregation in the
mixture.

ZP-negative nanoparticles are known for having an increased life-
time in the blood thanks to moderate interactions with blood compo-
nents, as well as weak cell internalization. Indeed, the negatively
charged surfaces of the plasma and the blood cells lead to electrostatic
repulsions with the ZP-negative nanoparticles, thus decreasing nonspe-
cific interactions. The high reticuloendothelial uptake adsorption of
negatively charged nanoparticles has nevertheless been reported to
favour their endocytosis and thus, their final elimination.

On the other hand, positively charged nanoparticles can easily
interact and agglomerate with the negatively charged plasma proteins or
cell membranes. These electrostatic attachments favour fast endocytosis
or direct penetration of the nanoparticle in the cell. However, for the
same reasons, cationic nanoparticles are generally more toxic than
negative ones. Their ability to rapidly penetrate cells can cause plasma-
membrane integrity disruption or strong mitochondrial and lysosomal
damages. [199] Determination of the zeta potential is thus useful to
anticipate the particles behaviour in biological fluids. [200]

In the case of antimalarial DDS, DLS has primarily been used to
determine particle size distribution and measure their zeta potentials.
The DLS results are often compared to those from other similar tech-
niques, such as Atomic Force Microscopy (AFM) or Transmission Elec-
tron Microscopy (TEM). For instance, the Z-average (83 nm) and the
zeta potential (-15.4 mV) of the PCL-PEG-PCL co-polymer 12 were
determined by DLS (Fig. 23).[138] DLS measurements can also be used
to confirm the encapsulation of a fluorescent dye into a polymeric sys-
tem. For instance, encapsulation of the cisplatin dye (Platinol® or

Fig. 21. A: Light scattering intensity of small vs large particles, B: DLS of monodisperse sample, C: DLS of polydisperse sample with aggregates.

Fig. 22. Zeta Potential of a negatively charged nanoparticle.
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generic name: CDDP) within the liposome-like nanocapsules AN-mPEG
36 (Fig. 16) was confirmed by DLS analysis of the hydrodynamic di-
ameters of the free versus cisplatin-loaded nanocapsules (Fig. 24).[193]
After encapsulation of cisplatin, the hydrodynamic diameter of the
nanocapsules 36 increased to an average diameter of 103 nm compared
to an average diameter of 89 nm for the empty ones. A negative zeta
potential of − 12.4 mV was measured for the cisplatin-loaded nano-
capsules, foreshadowing a potentially high circulation time in the blood.

In the case of poly(ethylene-oxide)-co-poly(propylene-oxide)-co-
poly(ε-caprolactone) micelles (PEO-PPO-PCL) 37 (Fig. 25), [127,201]
DLS was used to confirm drug encapsulation of chloroquine (CQ) and an
antitumoral agent (docetaxel, DTX) by the thin film method. Two
co-polymers were particularly compared: the hydrophilic PEO68–P-
PO34–PCL18 and the more hydrophobic (containing more PCL) the
PEO68–PPO34–PCL36. DLS showed that particle sizes increased with the
amount of PCL blocks (Ø 37-P36 > Ø 37-P18), (Fig. 25). However, in
both cases, the drug encapsulation process slightly decreased the hy-
drodynamic diameter of the particles. DTX/CQ-loaded micelles dis-
played slightly lower diameters than the corresponding free micelles (Ø
(loaded-37-P18) = 31 nm vs Ø (empty 37-P18) = 36 nm and Ø

(loaded-37-P36) = 115 nm vs Ø (empty 37-P36) = 119 nm). This size
reduction was attributed to the strong attractive hydrophobic in-
teractions between the encapsulated drugs and the inner core, causing
micelle shrinkage. Their study also highlighted the impact of the size of
the hydrophobic PCL polymeric part on the drug-loading, the encapsu-
lation efficiency and the drug release. DL and EE parameters increased
with the size of the PCL block: DL= 3%, EE= 77% in 37-P18< DL= 6%,
EE = 95% in 37-P36. As well, in vitro release of both drugs at pH 7.4 was
always faster with P18-block micelles (76% DTX in 48 h, 75% CQ in
24 h), while larger and more hydrophobic P36-block micelles better
controlled the burst drug release effect (76% DTX in 72 h, 72% CQ in
36 h). Note that the smaller chloroquine CQ was released twice faster
than docetaxel DTX. The authors also attributed it to the weaker in-
teractions of CQ with the inner polymer core.

DLS was further used to investigate the sensitivity to reduction of the
disulfide bridge present in the PMOXA-g(SS)-PCL micelles 17 (which is
essential for drug-release) in presence of reducing agent like dithio-
threitol (DTT), mimicking the physiological cytosolic conditions of

Fig. 23. DLS spectra of PCL-PEG-PCL 12 (Z-average and Zeta potential).
(a) (Reproduced from ref. 138 with permission from Taylor & Francis).

Fig. 24. DLS spectra of free versus cisplatin-loaded nanocapsules 36. (Repro-
duced from ref. 193 with permission from Elsevier).

Fig. 25. DLS spectra of DTX/CQ-loaded and free 37-P18/36.
(a) (Reproduced from ref. 127 with permission from Elsevier).
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malaria parasites (Fig. 26).[141] DLS analysis revealed that the micelles
17 remained stable for at least 24 hours in the absence of reducing agent
(black and green curves) but were quickly destabilized by the reducing
agent (red and blue curves). During time exposure, the diameter of the
nanoparticles increased so drastically that a high turbidity appeared,
and precipitates were visible to the eye. These precipitates were
attributed to aggregates of insoluble PCL after cleavage of the hydro-
philic blocks (PMOXA) from the co-polymer. This DLS study clearly
indicated that the disulfide bridge between PMOXA and PCL units was
well reduced in the presence of a reducing agent, leading to the disin-
tegration of the micelles that allowed drug-release.

Finally, DLS can also help provide information on storage stabilities.
The stability of AN-poly(heparin) conjugate 8 was studied over 14 days

at different time checkpoints (Fig. 27). No significant variation in par-
ticle size was observed, leading to the conclusion that this PDC possessed
promising storage stability.[98]

4.2.2. Transmission electron microscopy (TEM) and cryo-TEM
Transmission electron microscopy (TEM) is a standard and indis-

pensable characterization technique for polymer science. [202] This
versatile microscopy technique provides a range of valuable information
on size, shape, surface morphology, or crystallographic structure. It
covers the nanometer size range and resolves microstructure of mate-
rials with atomic-scale resolution (up to 1 Å). Agglomeration or aggre-
gation are also visible. TEM uses a high-voltage electron beam
transmitted through an ultrathin sample to create an image. The image
is formed from the interaction of the electrons with the atoms of the
sample. However, while TEM provides high-resolution images, it is
hindered by the inherently low contrast and the beam sensitivity of the
nanoparticles. Therefore, the sample must be first treated with a contrast

Fig. 26. Effect of DTT on the stability of micelles 17 followed by DLS. (Reproduced from ref. 141 with permission from the Royal Society of Chemistry).

Fig. 27. Storage stability studies of AN-poly(heparin) conjugate 8 by DLS.
(a) (Reproduced from ref. 98 with permission from Elsevier).

Fig. 28. TEM image of AN-mPEG nanocapsules 36 stained with cisplatin.
(Reproduced from ref. 193 with permission from Elsevier).

Fig. 29. TEM images of 37-P18 micelles (on the left) and AN-poly(heparin)
conjugates 8 (on the right).
(a) (Reproduced from ref. 127 and 98 with permission from Elsevier).

Fig. 30. TEM image showing the degradation of micelles 17 in presence of
DTT.
Reproduced from ref. [141] with permission from the Royal Society
of Chemistry.
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agent (staining).
Liposome-like AN-mPEG nanocapsules 36 were stained by cisplatin

and analysed by TEM.[193] Cisplatin is extremely lipophilic, giving it a
high tropism to be embedded into the hydrophobic region of DDS, thus
making it easier to observe. Stained AN-mPEG nanocapsules 36
appeared as dark membranes surrounding less colored cores. This
confirmed the vesicular structure of the nanocapsules and indicated an
average size of 90 nm (Fig. 28).

On other example, TEM analysis of 37-P18micelles [127] or AN-poly
(heparin) conjugate 8[98] was used to identify the spherical
rounded-like structures of these DDS (Fig. 29).

The TEM technique can also be a tool to study polymer stability.
Meier and co-workers observed almost full decomposition of their
PMOXA-g(SS)-PCL micellar particles 17[141] upon addition of a
reducing agent (DTT), confirming the disassembly of the DDS under this
reductive condition (Fig. 30). Note that the TEM technique is usually not
appropriate to evaluate the efficiency of a drug encapsulation step.
Empty or loaded polymeric systems usually display the same sizes,
especially in the dry state. As described above (Section 3.2.1), DLS is a
more adapted method to prove a drug encapsulation.

Cryogenic transmission electron microscopy (Cryo-TEM) is another
TEM technique based on the same principle of electron beam

transmission. However, with Cryo-TEM, the sample is cooled to cryo-
genic temperatures and embedded in amorphous ice. The rapid cooling
with liquid nitrogen allows the sample to be maintained under physio-
logical conditions and thus preserves its morphology and structure in its
natural state. [203] In addition to basic size and shape information, this
technique provides answers to the behavior of DDS in the physiological
environment and/or the involved biological mechanisms.

Xavier Fernàndez-Busquets and co-workers used Cryo-TEM to char-
acterize their poly(amidoamines) conjugates (5–7).[95] The images
revealed a globular-spherical conformation for the polymer 7 which
swelled up to higher diameters of 20–40 nm (in the absence of drug)
(Fig. 31).

It is noteworthy that DDS size values can differ depending on the
physical technique (DLS, TEM, AFM) used to measure it. Nevertheless,
the orders of magnitude within a compared particle series are generally
in agreement with those from the different techniques. This is partly due
to the mode of preparation of the sample. For instance, size values ob-
tained by TEM from dried samples can be smaller than the values ob-
tained by DLS from samples in solution. The average diameter of the
HDLDBC-bGMPA dendrimer 32a was thus of 13 nm, according to TEM
analysis, but 26 nm when determined by DLS.[183]

4.2.3. Atomic force microscopy (AFM)
Atomic force microscopy (AFM) gives both qualitative and quanti-

tative information about several physical properties of a polymer,
including size homogeneity, morphology, surface texture, topology,
volume, and roughness. [204] The AFM technique exploits the inter-
action (attraction and repulsion) between the atoms of the mobile tip of
a mechanical probe and the surface atoms of a fixed sample, to form a 3D
image. [205] A wide range of particle sizes from nanometer to micro-
meter can thus be characterized through very-high resolution images of
the three-dimensional shape (topography) of the sample surface. The
major difference between AFM and TEM is that AFM does not use beam
irradiation. The sample is thus better preserved and does not need to be
stained. All the surface variations are associated with distinct morpho-
logical aspects.

For instance, the globular conformation of poly(amido-amines) such
as 6[95,96] and their homogeneous size distribution were confirmed by
AFM (Fig. 32). In addition, AFM provided evidence that the introduction
of CQ into PAAs did not affect DDS size. The AFM technique also
confirmed the rounded-structure of HDLDBC-bGMPA dendrimer 32a
[183] with similar height to that of previously measured by TEM
(Fig. 32). Similarly, Manjili and co-workers proved by AFM the forma-
tion of micellar ART-loaded DDS 12 from the assembly of their
PCL–PEG–PCL polymers,[138] with a homogeneous spherical
morphology (Fig. 32). The micelle sizes determined by AFM (70 nm)
were slightly smaller than that determined by DLS (83 nm). As with TEM
methods, the difference can be attributed to the collapse of the micelles
upon water evaporation, during AFM sample preparation.

4.2.4. Scanning electron microscopy (SEM) and Energy-Dispersive X-ray
microanalysis (EDX)

Scanning electron microscopy (SEM) is another indispensable and
versatile technique for imaging the microstructure, topography, and
morphology of dried metal-coated materials at nanometer to micro-
meter scale. [206] The surface of the nanoparticles needs to be coated by
a conductive material (such as gold, silver, or platinum) to interact with
the electron beam, bombarded by the SEMmicroscope. [207] SEM has a
resolution of 10 nm (100 Å) but advanced instrumental versions can
improve resolution to about 2 nm (25 Å). Unlike TEM, SEM hits the
sample with a low energy electron beam that reduces irradiation dam-
ages onto the surface. Images result from the interaction of this electron
beam with atoms at various depths. Variations in signal intensity pro-
vides information about the surface topography and composition of the
sample. The height differences in the sample give contrast in the image.
Other types of detectors are available, and SEM may also be coupled

Fig. 31. Cryo-TEM images of the empty PAA 7.
(Reproduced from ref. 95 with permission from Elsevier).

Fig. 32. AFM images of PAA 6, HDLDBC-bGMPA dendrimer 32a and ART-
loaded PCL-PEG-PCL micelles 12. (Reproduced from ref.96 with permission from
MDPI, from ref. 183 with permission from the Royal Society of Chemistry, from
ref.138 with permission from Taylor & Francis).
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with other devices, including energy-dispersive X-ray microanalysis
(EDX) for the determination of the elemental composition or orientation
of the sample. SEM is widely used in DDS studies and the technique can
generally be applied to determine the appearance of the polymer surface
(irregular form, rod-like form, film, etc.) as well as its biodegradability.
[208] To define morphological shapes, a formula is used to determine
the aspect ratio (AR), which is equal to the length divided by the width.
For instance, for 1 < AR ≤ 1.2, nanoparticles are considered spherical,
while for 1.2 < AR ≤ 3 they are ovoid and up to 3, they are elongated.

For antimalarial DDS, SEM analysis has for example, provided in-
formation about the polymer morphology which can be related to the
drug encapsulation process and to its behaviour in physiological me-
dium. Gold-coated poly(aspartamide) PDCs 4,[92] previously presented
in section 2.1.3, were studied by SEM analysis to determine their surface
morphologies and compare them with other conjugates. The differences
between all these PDCs lie in the nature and number of the drugs con-
jugated to the polymer (Fig. 33).

Tubular forms with spherically swollen topologies were observed for
PDCs 4a (PYR + 4-aminosalicylic acid), 4b (PYR + PQ + 4-aminosali-
cylic acid) and 4c (PYR+ 4-aminoquinoline) which contain at least
two drugs, including pyrimethamine (PYR). While SEM images revealed
predominantly flake-shaped morphologies for PDCs 4d (aminosalicylic
acid) and 4e (a modified 1,2-diaminocyclohexane (DACH) Platinum-
aminosalicylic acid without PYR). In order to confirm drug

incorporation, the drug-loaded PDC images were compared to drug-free
PDC images. No characteristic morphologies were observed for the PYR-
free PDC (not shown), unlike the tubular form observed for the PYR-
embedded 4a. This confirmed the successful incorporation of

Fig. 33. SEM images of poly (aspartamide) conjugates: PDC 4a (PYR + 4- aminosalicylic acid), 4b (PYR + PQ + 4- aminosalicylic acid), 4c (PYR+ 4-aminoquino-
line), 4d (Aminosalicylic acid), 4e (A modified DACH Platinum-aminosalicylic acid) and the free pyrimethamine (PYR).
(a) (Reproduced from ref. 92 with permission from Elsevier).

Fig. 34. SEM images of HDLDBC-bMPA 32b in presence of drugs (CQ and PQ) or fluorescent dye (Rho). (Reproduced from ref. 185 with permission from Elsevier).

Table 7
List of methods for DDS biological characterizations.

Methods Determined
parameters

Objectives and
information

Cellular biology and cell
culture

Parasite viability
(fluorescence
intensity) Cell viability
(absorbance)

In vitro activity (IC50)
In vitro cytotoxicity (CC50)

Hemolysis assay
(biocompatibility)

Lysis of erythrocytes
(absorbance)

Toxicity on RBCs
(Percentage of hemolysis)

Flow analysis cell sorting
(FACS)
Confocal microscopy

Fluorescence of
labelled-polymer
and stained-cells

Specificity of DDS for pRBCs
vs RBCs Selectivity of DDS
towards pRBCs stages of the
parasite

Confocal microscopy
Transmission electron
microscopy (TEM)
Cryo-TEM

Fluorescence of
labelled-polymer and
stained-cells

Cell internalization of DDS
Entry in pRBCs

In vivo imagery Fluorescence of
labelled-polymer
and stained-organs or
tissues

Biodistribution of DDS
Toxicity and
pharmacokinetics
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pyrimethamine into the polymer. In addition, the elemental composition
of the conjugates was determined by SEM/EDX and percentages of
carbon (40–78%), nitrogen (6–26%) and oxygen (13–22%) in PDCs were
obtained. For conjugates 4a, 4b and 4c, containing at least two drugs,
the percentage composition of nitrogen and oxygen were higher than in
those containing only one drug, confirming their successful in-
corporations into the polymer.

SEM analysis of dendritic micelles such as pluronic derivatives
HDLDBC-bMPA 32b[185] indicated more ovoid shapes for CQ and
PQ-loaded dendrimers as underlined by their large diameters ranging
from 170 to 500 nm (Fig. 34). On the contrary, the smaller diameter
(50 nm) of the rhodamine-loaded polymer 32b clearly leaned toward
spherical aggregates.

To sum up, almost all of the polymeric DDS reported in this review
are of size compatible with entry into the new permeability pathways
(NPPs) of the pRBCs, ranging from 11 to 143 nm (DLS). Only a few DDS
show relatively large particle sizes (up to 360 nm). However, it is
important to emphasize here that the choice of analysis method can
influence the expected results. Frequently, there is a concordance among
the results obtained by DLS, AFM and TEM although those obtained by
TEM are often weaker. These differences usually arise from sample
preparation (drying for TEM) or behavior in solution (hydration layer
for DLS). Both DLS and SEM techniques use polymer solutions to provide
the size of the hydrodynamic diameter, which is usually identical to or
larger than the size of the dense core provided by SEM. [209]

5. Biological characterizations of DDS and their mechanism of
action

The last section of this review will be dedicated to the techniques
indispensable for the biological evaluation of polymeric drug-delivery
systems and the study of their mechanism of action. As highlighted by

their design or their physicochemical characterizations, drug-loaded
DDS are engineered nanotechnologies that require specific methods,
different from those used in classical therapeutic strategies. In that
respect, several biological methods have been developed or adapted to
determine the efficiency, selectivity, and specific features of a polymeric
vector toward a biological target. From classical cell culture to more
specific studies focused on the best in vitro candidates, these biological
characterizations are essential to assess their contribution in improving
the therapeutic index of a drug and to understand their behavior in
biological environments Table 7.

5.1. Standard methods for the biological evaluation of DDS

Obviously, the first biological experiments carried out when devel-
oping a new polymeric DDS consist in evaluating the in vitro cytotoxicity
of the system on healthy cells, and its in vitro activities on the biological
target. Technically, the setting up of the biological assays of a drug-
loaded polymeric DDS does not really differ from the classical assay
methods used for a free drug. Solutions of drug-loaded DDS are, for
instance, prepared at similar concentration ranges and in the same
biological-compatible solvents (H2O, DMSO) as the free drug solutions.
Issues of solubility with polymeric DDS can be handled with the same
methods used for poorly soluble organic molecules (sonication,
temperature-controlled bath, etc). Nevertheless, the particular situation
of concentration units deserves to be discussed. For free drugs, biological
assay values are typically expressed as molar concentration (Cn, g/mol).
However, for polymeric nanovectors, these values are more often
expressed in mass concentrations (Cm, g/mL). Indeed, it is important to
remember that polymeric vectors are usually not prepared as a single
molecular form with a fixed molar mass but are isolated as a population
of polymeric backbones with different molar masses. The molar masses
of these different molecular sizes are thus expressed as number average

Scheme 21. In vitro cytotoxicity assay protocol.
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molecular weight (Mn) or weight average molecular weight (Mw)
(determined by SEC, Section 3.1.3). The greater the heterogeneity of the
polymeric population (dispersity Đ), the wider the molecular weight
distribution. Moreover, the average molecular weights of a same poly-
mer can also differ according to the choice of SEC conditions (column
type, nature of the polymer standards used for the calibration, etc).
Hence, it can be difficult to calculate the molar concentration of a
nanovector from an imprecise molar weight. In the publications that
expressed biological DDS values in molar concentration, it is also un-
clear which of the values,Mn orMw, was used by the manipulator, as this
is not always specified in the experimental conditions. For all these
reasons, we would recommend expressing the biological assays of
polymeric vectors in mass concentrations (Cm, g/mL) and comparing
them with the values of the free drugs also in mass concentrations. In the
case of dendrimers, it could be argued that they are generally made
using more controlled synthetic pathways and thus with more accurate
molar weights.

A second point worth mentioning is the differences in in vitro activ-
ities observed between the free drug and its drug-loaded DDS. For
instance, in the study case on antimalarial DDS, the in vitro activities
obtained on Plasmodium strains of the evaluated drug-loaded nano-
carriers are generally lower than the in vitro activities of an equivalent
dose of the corresponding free drugs. However, this loss of activity is not
necessarily due to a loss of efficiency of the vectorized drug. It can for
example be attributed to the gradual release of the drug from the
nanocarrier. Moreover, the advantages of drug delivery systems are not
measured solely in terms of increased biological activity. The best
achievements of DDS are most of the time in terms of decreased toxic-
ities, improved pharmacokinetics, or targeted drug release under spe-
cific conditions (pH, enzymes, etc.), all factors that can lead to increase
in vivo activities and a biological environment that is not reproduced
during routine in vitro assays.

5.1.1. In vitro cytotoxicity assay
Whatever the therapeutic field, this technique is undeniably the one

most used in drug-discovery research to screen and detect cytotoxic
compounds (Scheme 21). This method provides the cytotoxic concen-
tration (CC50) that reduces the cell viability by 50% (damage or death)
when compared to untreated controls. CC50 of the evaluated compound
is always compared to at least one cytotoxic agent as positive control (e.
g.: Doxorubicine), without forgetting the solvent and the cell growth
controls. In the case of malaria, several strains of cells, such as HepG2,
HeLa, MCF-7 and HUVEC can generally be used to determine the in vitro
cytotoxicity of new antimalarial DDS. The experimental conditions of
cell density, incubation times, temperature or revelation method will
depend on the nature of the chosen cellular strain. [210]

Technically, the in vitro cytotoxicity assay of a drug-loaded polymeric
DDS does not differ from the classical assay of a free drug (Scheme 21).
As with small molecules, drug-loaded DDS solutions of different con-
centrations are distributed into a 96-well plate containing the adherent
cell suspension (A). After an appropriate incubation time (generally 1–3
days at 37◦C), cell viability in each well is revealed through the addition
and incubation of metabolic activity-based dyes such as 3-[4,5-dime-
thylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) or 4-[3-(4-
iodophenyl)-2-(4-nitrophenyl)-2 H-5-tetrazolio]-1,3-benzene disulfo-
nate (WST-1) (B). These metabolic agents react with the mitochondrial
succinate-tetrazolium reductase to form the insoluble formazan salt, as
purple crystals (C). After dissolution of the crystals, quantification of the
absorbance of the resulting purple-colored solutions by a multi-well UV/
VIS spectrophotometer (500/600 nm) gives the number of viable and
metabolically active cells (D). As reductases are only present in the
living cells, the darker purple the solution, the lower the cytotoxicity of
the evaluated compound. As shown in Scheme 21, the CC50 value is
determined on the curve where the cell viability values re reported ac-
cording to the different DDS concentrations.

Scheme 22. In vitro activity assay protocol.
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5.1.2. In vitro activity assay
In vitro activity is the ability for a molecule to inhibit a specific

biological or biochemical function. This inhibition can target enzyme,
cell, cell receptor or microorganism and can lead, for instance, to the
reduction of parasite or bacterial growth. In vitro activity assays provide
the inhibitory concentration (IC50) that reduces the biological process by
50% compared to untreated controls. IC50 of the evaluated compounds is
compared to at least one known active drug as active control (e.g.:
Chloroquine or Artemisinin derivatives are used as antimalarial active
agent), in addition to solvent and the fresh blood controls. To study the
growth inhibition of the malaria parasite, several strains of Plasmodium
with different known mechanisms of resistance to antimalarial drugs are
commonly employed in co-culture (mixture of healthy red blood cells
and parasite-infected cells) such as Plasmodium falciparum 3D7, K1,
NF54 or even Plasmodium berghei to determine the in vitro activity of new
antimalarial DDS. The experimental conditions for parasitemia, incu-
bation time, temperature or revelation method will depend on the na-
ture of the Plasmodium strain.[210]

Similarly to cytotoxicity assays and as with the small free drugs, the
drug-loaded DDS solutions of different concentrations are distributed
into a 96-well plate containing the parasite-infected co-culture suspen-
sion (RBCs + pRBCs) (Scheme 22, A). The hematocrit (the ratio of the
volume of fresh red blood cells to the total volume of blood) set during
the assay generally ranges between 2% and 3%. The parasitemia
(quantitative measure of parasite content in blood) ranges between
1.5% and 4%, although it can be set at a lower level (0.05–1% [211]). In
fact, a previous study of Waters and co. has compared several conditions
with the SYBR green fluorescence assay and concluded that there was
linearity of fluorescence for parasitemia values ranging between 0% and
5%. [212]

Generally, after 48 hours of incubation (to cover the complete life-
cycle of the parasite), the incubated suspensions are transferred into a
96-well black-plate to avoid signal background and crosstalk during the
reading (B). Parasite growth is revealed by adding a fluorescent marker
(SYBR Green or Syto-11) that non-covalently binds to the surface of
double stranded nucleic acids giving an accurate quantification of DNA
chains present in each well. Since the only DNA present in the assay is
the parasite DNA (absent in healthy RBCs), the measured fluorescence
intensity is proportional to the quantity of living parasites. The fluo-
rescence intensity of each well suspension is measured by the fluorom-
eter and provides the active concentration that reduces the parasite
population by 50% (IC50) (Scheme 22). The IC50 can also be evaluated
by the Plasmodium lactate dehydrogenase (pLDH) enzyme-linked
immunosorbent (ELISA)-based assay [213], flow cytometric measure-
ment using propidium iodide (PI) staining, antibodies, 3H-hypoxanthine
incorporation assay, or indirectly by microscopic evaluation of para-
sitemia. [214]

Apart from the evaluation of new drugs, parasitaemia quantification
methods are also used as diagnostic tools to detect parasitic infections.
Gold standard techniques such as blood smears, immunodiagnostics and
polymerase chain reactions are reliable for malaria diagnosis. However,
they face several technical problems, including low sensitivity and

difficult implementation. In this context, the fluorescence-linked
immunosorbent assay (FLISA), a more efficient method than the
enzyme-linked immunosorbent assay (ELISA), may offer new promise
for the high throughput and sensitive analysis of malaria infections.

While in the ELISA approach, the antigen-antibody interaction is
detected by a colorimetric reaction between a substrate and an enzyme,
conjugated to an antibody, FLISA uses an antibody coupled to a fluo-
rescent probe. The antigen-antibody interaction is then detected by
simply monitoring the fluorescence intensity. To improve this signal,
Park and coworkers showed that the triple coumarin-conjugated den-
drimer 38 acted as an efficient labelling fluorophore with appropriate
spectroscopic properties for the FLISA assay, and thus contributed to
increase the detectability of malaria antigens in the early stage of the
infection (Fig. 35). [215,216]

5.1.3. Hemolysis assay
Hemolysis is the ability for a molecule to destroy healthy red blood

cells. This effect causes metabolic damage and reduces cell lifetime
leading to anemia and other serious pathological conditions. The he-
molysis assay evaluates hemoglobin release in the plasma and gives a
percentage value of hemolysis, related to the concentration of drugs that
induces red blood cell lysis compared to untreated controls. [217,218]
Independently from cytotoxicity assays, hemolysis assays must be per-
formed to ensure that new polymeric DDS do not display any hemolytic
activity. Although the outbreak of the parasite (pRBCs) would be
stopped, the destruction of healthy RBCs would cause anaemia.
Although it is the only way to identify a lysis effect on healthy RBCs
(cytotoxicity assays evaluate disruption of proliferation processes of
adherent cells that do not include red blood cells), hemolysis assays are
unfortunately not systematically accomplished in the reported DDS
studies. [219]

Drug-loaded DDS solutions of different concentrations are added to
well-plates or test-tubes containing a suspension of fresh red blood cells
(RBCs) in a phosphate buffer saline solution (PBS) (Fig. 36). After the
appropriate incubation time, the supernatant containing the potentially
released haemoglobin is analyzed by UV/VIS spectrometry (absorption
wavelength of the haemoglobin: 540 nm). The hemolysis index corre-
sponds to the measure of the redness of the supernatant: redness is
almost exclusively due to the presence of haemoglobin released by the
rupture of the red blood cell membrane upon hemolysis. The percentage
of hemolysis is calculated following Eq. 7 where A is the absorbance. A
sample with a percentage higher than 5% is considered as hemolytic. In
the few studies where they have been carried out, the in vitro hemolysis
assays of the new antimalarial nanocarriers on red blood cells generally
indicated low hemolysis effects (<5% vs hemolytic control), confirming
the good biocompatibility of the DDS.

%of hemolysis =
(Asample − Anegative)
(Apositive − Anegative)

x 100 (7)

5.2. Cellular localization and specificity of action towards parasite-
infected red blood cells

After (or in parallel to) routine in vitro evaluations of drug-delivery
systems, more-specific techniques are used to determine important
biological parameters and explore the behavior of the drug-loaded DDS
in biological environments. Knowledge of the mechanisms of action and
the potential target(s) of a new drug-delivery systems is a prerequisite to
any marketing. Not only do these studies shed light on the therapeutic
effect but they also reveal the possible side effects directly related to the
interactions of the DDS with its site of action. For instance, antimalarial
mechanistic studies mainly consist in evaluating the specificity of action
of antimalarial DDS for parasite-infected red blood cells (pRBCs)
compared to non-infected cells. Several techniques can be used to study
this specificity that often require fluorescent-labeled polymers.

Fig. 35. A Coumarin-conjugated dendrimer 38 for the diagnosis of Plasmo-
dium infection.
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5.2.1. Fluorescent-labelling methods commonly used to study DDS
The labelling of functional groups on the surface of polymers has

been become a very useful tool for biological studies. The most
commonly used fluorescent dyes for the detection of polymers by
confocal microscopy are fluorescein isothiocyanate (FITC, green-
fluorescence, λex= 490 and λem= 525 nm, detection by Argon laser)
and the Rhodamine B derivatives (Rho, red-fluorescence, λex= 540 and
λem= 625 nm, detection by red diode laser) (Fig. 37).

For DDS with tensioactive behavior, the hydrophobic probe is often
encapsulated as a co-drug inside the matrix thanks to electrostatic in-
teractions, or more rarely, conjugated to it. In the case of polymer-drug
conjugates (PDC), the probe is generally covalently linked to the poly-
mer backbone. The conjugation of the polymer and the fluorescent dye
mainly occurs through 1) the addition of an amino chain-end (-NH2) or
more rarely, an alcohol (-OH) group on the isothiocyanate group (-NCS)
of the FITC, or 2) by esterification reaction with a COOH-FITC or Rho
dyes. Other methods include azide–alkyne cycloadditions between a
polymer containing an azide chain-end (-N3) and an alkyne group pre-
sent on the fluorescein (or vice-versa).

In the case of malaria, it is also necessary to label both the red blood
cell membranes and the parasite. The red blood cell membranes are
generally stained with red-fluorescent germ aggluti-
nin–tetramethylrhodamine conjugate dye (λex= 555 and λem= 580 nm,
detection by red diode laser) while the parasitic DNA is generally stained
with blue-fluorescent intercalating agents like 4′,6-diamidino-2-phe-
nylindole ((DAPI, λex= 350 and λem= 470 nm) or Hoechst dyes (λex=
352 and λem= 461 nm), detection by UV diode lasers). Other labelling
methods consist in the use of naturally fluorescing materials, quantum
dots, or isotope labelling. These fluorescent-labelled drug-loaded DDS
and materials are then used in the different techniques described below.

5.2.2. Confocal microscopy
Confocal microscopy, also known as confocal laser scanning micro-

scopy (CLSM) or laser confocal scanning microscopy (LCSM), is a fluo-
rescence imaging technique considered as an essential tool in biological
research. [220] This technique enables high-speed multidimensional
imaging (1 second to generate a 1-megapixel image) such as the three,
four or five-dimensional (3D/4D/5D) imaging of labelled-biological

samples. A laser beam is focused on a sample where it excites the fluo-
rescent molecules. The fluorescence emitted by the excited
labelled-polymers is then collected by the instrument. The technique
consists in selectively collecting the fluorescence signals from different
planes inside a sample and assembling these planar images to generate
the final multidimensional images. Scanning mirrors are used to sweep
the laser beam across the sample, generating an image pixel by pixel.

Confocal microscopes offer a more modest resolution than usual
epifluorescence microscopes, but generate high-contrast images through
optical sectioning. With a high-resolution objective lens, a confocal
microscope can generate optical sections thinner than 1 μm without
having to physically slice the sample. This allows a very precise quan-
tification of the intensities and investigation of the spatial arrangement
of fluorescent labelled-polymers, which is useful for assigning their lo-
calizations to specific cellular compartments or assessing the colocali-
zation of different DDS. CLSM is also compatible with living systems
(cells and animals) and allows the determination of live imaging (dy-
namic cellular and molecular processes). [221]

Nevertheless, this powerful technique is limited by the substantial
cost of the equipment and the analysis, the poor number of excitation
wavelengths available with lasers and the possible damage caused by
the high-intensity lasers to living samples. Although lasers commonly
used in confocal microscopy produce lines in the ultraviolet, visible, and
near-infrared area of the spectrum, the wavelengths of these spectral
lines do not always coincide with the maximal absorption wavelength of
popular fluorophores.

In the case of malarial infection, confocal microscopy is primary used
to localize the Plasmodium parasite in infected red blood cells [222] or
hepatocytes, [223] as well to characterize its sporozoites forms [224,
225] and the parasite organelles. It has also been used to study
host-pathogen interactions. [226,227] For antimalarial DDS biological
studies, confocal microscopy has solved issues about the specificity of
action of DDS towards pRBCs versus RBCs. For instance, FITC-labelled
polymeric poly(amido-amines) (FITC-PAAs), such as FITC-6 and 7
were incubated with a co-culture of living P. falciparum 3D7 or blood
freshly extracted from P. yoelii-infected mice.[96] The fluorescence
images obtained by confocal microscopy showed specific interactions of
the PAAs with certain pRBCs, depending on the development stages of
the parasite (merozoites, rings, trophozoites or schizonts) (Fig. 38).
Indeed, the fluorescence of FITC-7 was only observed inside the
advanced pRBCs forms (column C). On the overlay of images (D), it can
be observed that FITC-7 was only present in trophozoite and schizont
forms and close to the plasmodium DNA (lines 1 and 2). FITC-7 was not
detected in the ring-pRBCs stages (C:3). In addition, the in vitro images of
FITC-6 in P. yoelii revealed an interesting binding of the PAA with the
merozoite forms (in blue) which are not yet inside the RBCs (D:4). These
results opened attractive possibilities for these PAAs as selective drug
carriers for malaria therapy.

The fluorescence of FITC-labelled PAAs has also been directly
investigated in female mosquitoes (Fig. 39).[96] In order to study DDS
distribution and viability on the mosquito body, FITC-5 was incorpo-
rated in their sugar meal at different times. Females were then

Fig. 36. Hemolysis effect on RBCs.

Fig. 37. Common dyes used for the labelling of polymeric DDS.
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immobilized alive on a microscope slide for confocal analysis.
Labelled-polymer fluorescence (green) was detected one day after
ingestion in the insect gut (line 1) and three days post-feeding in the

thorax, near the head and in the vicinity of the salivary glands (line 2).
Preliminary data obtained after feeding indicated that the polymers
were non-toxic for the mosquitos, not immediately excreted and had a

Fig. 38. Confocal microscopy images of FITC-labelled PAAs 6 and 7 in RBs/pRBCs co-culture. A: red fluorescence: RBCs and pRBCs; B: blue fluorescence: parasite
DNA; C: green fluorescence: PAAs; D: the overlay represents the superposition of these three images (A-C).
(a) (Reproduced from ref. [95] with permission from Elsevier).

Fig. 39. Living fluorescent microscopy in female mosquito and histological distribution of FITC-labelled PAA 5.
(Reproduced from ref. [96] with permission from MDPI).
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long residence time in the midgut of both species. These results suggest
that encapsulated antimalarial drugs could be delivered directly to
anopheles to combat malaria on all fronts.

Finally, confocal fluorescence microscopy for the cellular targeting
of the Rho-DHP-bMPA dendrimer 31 [184] revealed interactions be-
tween the Rho-dendrimer (in red) and the pRBC plasma membrane
(negative contrast), as well as with intraerythrocytic parasites (in blue)
(Fig. 40). Given that no polymer fluorescence was detected in the
healthy RBCs cytosol and early ring forms, the authors suggested a
specific binding of DHP-bMPA to Plasmodium falciparum antigens, ab-
sent in the early stages of the infection.

5.2.3. Flow cytometry - Fluorescence-activated cell sorting (FACS)
Fluorescence-activated cell sorting (FACS) belongs to the flow

cytometry techniques which can be used to detect, count, and rapidly
sort a heterogeneous mixture of biological cells into homogeneous
subpopulations of interest. [228,229] It can also determine the cycle, the
proliferation, the phenotype or even the viability of the analysed cells.
FACS allows the purification of individual cells based on their sizes (by
the forward-scattered light method) and their internal structure,
complexity and granulometry (by the side-scattered light method). This
is a technique of choice to obtain a very high purity of cell populations of
a specific phenotype. Especially if the targeted cell population expresses
a very low level of the identifying marker or when cell populations
require separation based on differential marker density. FACS is the only
purification method capable to isolate cells based on internal staining or
intracellular protein expression. Flow cytometry is also a powerful and
versatile tool providing simultaneous multiparametric analysis of the
physical, biological, and chemical characteristics of up to thousands of
particles per second.

In the examples below (Fig. 41 and Fig. 42), the different cell types
are separated according to their fluorescent characteristics. Cell sorting
by the flow cytometer is then based on the specific light-scattering and
fluorescent characteristics of each stained cell. Negative selection of
unstained cells is also possible. The cells, stained with fluorescent an-
tibodies or makers (Section 4.2.1), are placed in a stream of liquid which
passes the focus of a laser light beam. The fluorescence detection system
can thus detect the specific light emitted and collect the cells according
to their fluorescence parameters. In these cases, co-cultures of pRBCs

Fig. 40. (a) Confocal microscopy of Rho-DHP-bMPA dendrimer 31.
(Reproduced from ref. [183] with permission from the Royal Society
of Chemistry).

Fig. 41. FACS spectrums of FITC-PAAs with RBCs/pRBCs co-culture. The upper fluorescence is associated to pRBCs and the lower fluorescence to the RBCs pop-
ulations. (Reproduced from ref. 95 with permission from Elsevier).

Fig. 42. FACS spectrums of Rho-dendrimers 31 and 32a with RBCs/pRBCs co-culture and merozoite forms. The upper fluorescence is associated to pRBCs and the
lower fluorescence to the RBCs populations.
(a) (Reproduced from ref. [183] with permission from the Royal Society of Chemistry).
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and RBCs was subjected to Hoechst or DAPI as fluorescent agents,
capable of intercalating within the parasitic DNA (only present in
pRBCs). Hence, a high fluorescence intensity (vertical axis) is detected
for Hoechst- or DAPI-labelled parasited pRBCs that are shifted to the
upper left of the graph (Fig. 41). While no fluorescence intensity is
detected for DNA-free healthy RBC that stay in the lower left part. In
parallel, the studied DDS were also labelled but with a fluorescent
marker of a different wavelength (FITC or Rho), whose intensity is
plotted along the horizontal axis. Merging of both fluorescent de-
tections, by multi-angle scattered light methods, allows to identify
specific interactions between the fluorescent-labelled nanoparticles and
each type of cell (pRBCs and RBCs). Hence, if the labelled nanoparticles
interact with RBCs, the spots of these healthy cells will be shifted to
higher fluorescence intensities along the x-axis only (detection of only
FTIC (or Rho) fluorescence). If the labelled nanoparticles interact with
pRBCs, the spots of these parasited cells will be shifted to higher fluo-
rescence intensities along the x- and y-axes (detection of Hoechst (or
DAPI) and FITC (or Rho) fluorescence). These graphical shifts are con-
verted into percentage values.

For instance, FITC-labelled PAAs 5 and 6 exhibited a selectivity to-
wards pRBCs (76 or 93% of shift for these cells, respectively) and no
significant binding to healthy RBCs (<1% of shift) (Fig. 41).[95] On the
other hand, FITC-labelled PAA 7 displayed interactions with both par-
asited and healthy red blood cells (85 and 55% of shift, respectively).
Thanks to their higher affinity for pRBCs and lower cytotoxicity on
RBCs, PAAs 5 and 6 thus appeared to be more promising antimalarial
DDS than 7.

In Fig. 42, FACS analysis of dendrimers 31 and 32a also revealed a
better specificity toward pRBCs for Rho-labeled DHP-bMPA pluronic
dendrimer 31 (58%) compared to HDLDBC-bGMPA dendrimer 32a,
which highly interacted with both RBCs and pRBCs (≈100% in both
case). FACS is also indicated to determine the specificity and the in-
teractions of the DDS with the different stages of parasite forms. For
instance, in addition to specificity for pRBCs, DHP-bMPA dendrimer 31
exhibited a specific interaction with the merozoite stage (97%).[183]

5.2.4. Transmission electron microscopy (TEM) for biological aspects
The TEM technique previously described (Section 3.2.2) can also be

used to study the cellular localization of dye-labelled DDS in pRBCs co-
culture, generally via immune-staining. Labelled polymers are incubated
in presence of pRBCs prior to fixation process and experiment. Fig. 43
represents zoomed TEM images of pRBCs. Both PAAs 6 and 7, visible as

black spots, are localized in the pRBCs cytosol (c) and also inside the
area enclosed by the parasitophorous vacuole membrane (PVM). During
the cell invasion, the parasite forms this PVMmembrane using a portion
of the host cell membrane. The PVM surrounds the intracellular parasite,
creating a distinct plasma membrane bubble, filled with cytosol (c) in-
side the host cell.

This newly formed cytosol serves mainly as proteins storage for the
parasite before their transport to the parasite’s food vacuole for degra-
dation into nutrients. Interestingly, PAA-6 is more abundant in the
pRBCs cytosol than beyond the PVM whereas the opposite is observed
for PAA-7. These different localizations may imply distinct mechanisms
of action for these two DDS. Non-infected RBCs controls showed no
intracellular staining thus confirming the selectivity towards pRBCs.

Fig. 43. TEM images of labelled-PAAs 6 and 7 in RBCs/pRBCs co-culture. PAAs are represented by black points. (p: parasite; c: cytosol; e: exracellular domain, mc:
mitochondria, pvm: parasitophorous vacuole membrane).
(Reproduced from ref. [95] with permission from Elsevier).

Fig. 44. Immuno-TEM images of RBCs/pRBCs co-culture in presence of PAAs
(white arrowheads: PAAs in the process of budding from or merging with RBCs
and black arrowheads: vesicles which were not merged to pRBCs membrane).
(a) (Reproduced from ref. [96] with permission from MDPI).
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[95]
Xavier Fernàndez-Busquets and co-workers also realized an in vitro

immuno-TEM experiment using pRBC specific monoclonal antibodies
(anti-rabbit IgG coupled to 12-nm colloidal gold particles).[96] White
arrowheads point toward particles in the process of budding from or
merging with pRBCs, while black arrowheads point at vesicles which
were not merged to pRBC membrane (Fig. 44). The fact that PAA
polymers penetrated pRBCs and colocalized with the intracellular
pathogen raises the possibility of using PAAs for the delivery of drugs
directly to the parasite or as transfection vectors for Plasmodium genetic
engineering. Moreover, immuno-TEM showed that inside the pRBCs, the
polymers were not surrounded by a lipid bilayer, suggesting a mem-
brane crossing mechanism not based on the formation of endocytic
vesicles. The differences observed in their intracellular distribution also
suggest different mechanism of entry for both PAAs (including exo-
membrane system or cytoadhesion events). Thus, pRBCs have different
morphological, physicochemical, and rheological characteristics [71,
230] resulting in widely altered functional properties which allow them
higher membrane fluidity and permeability, adhesiveness, and protein
trafficking activity. Increased permeability has been established for the
low molecular mass solutes[72] (such as with the NPP channels) as well
as proteins [231] with which PAAs shares some features, such as a
polyelectrolyte zwitterionic nature, which could explain these different
input mechanisms observed in immuno-TEM images.

These localization techniques have clearly provided evidence that
pRBCs have pores in their membrane favouring the specific entry of
nanovectors, since they were found within the parasite. These channels,
possible candidates for the new permeability pathways (NPPs) are
known to be permeable to charged solutes and have diameters
compatible with the entry of most of the reported nanovectors. How-
ever, there is still a substantial gap in knowledge of the operation mode
of such NPPs. Efforts are underway to elucidate the mechanism and
specificity of action of these antimalarial nanovectors.

6. Conclusion

The aim of this review was to provide a detailed how-to guide
through the early stages of the discovery of new drug-loaded nano-
carriers. Once the lead DDS is identified, the long process of develop-
ment will obviously continue with pharmacokinetic and in vivo studies
before any evaluation in clinical trials. The versatility and complexity of
engineered polymeric nanotechnologies required the development of
specific techniques of synthesis, physicochemical characterizations, or
biological evaluations, each of them involving in-depth knowledge of
diverse scientific fields. Hence, this review first covered the main syn-
thetic strategies that chemists use to prepare polymeric drug-delivery
systems and to conjugate or encapsulate a drug. The synthesis of poly-
meric backbones usually relies on classical (co-)polymerization re-
actions such as ring-opening polymerizations, while drug conjugation is
mainly realized through simple esterification reactions. However, many
of these methodologies still involve using toxic metals such as tin or
copper complexes. The therapeutic purposes of these medicinal products
call for the development of more sustainable and biocompatible ap-
proaches. More controlled synthetic strategies will also be necessary to
obtain macromolecular systems with more homogeneous sizes. A clear-
cut trend is emerging in the choice of drug encapsulation method:
nanoprecipitation and thin film methods are usually preferred for mi-
celles, while the oil-in-water or dialysis methods are used for den-
drimers. These methods are well mastered leading to high drug-
loadings. The second part of this review presented some fundamental
techniques of physicochemical characterization, made possible by the
use of state-of-the-art devices. These analytic studies are inescapable to
obtain precious information such as the size, shape, and surface
morphology of the nanoparticles. Sizes and shapes can greatly vary from
one system to the other, obviously depending on the molecular struc-
ture, but also on the method of preparation or drug loading. It should be

noted that most DDS studied herein presented negative surface charges.
Techniques for the analysis of polymeric structures are rapidly evolving
and will certainly overcome the last technical barriers to the determi-
nation of even more accurate parameters in the foreseeable future.
Finally, the most typical assays for the biological evaluation of poly-
meric vectors and the advanced techniques used to study their mecha-
nism of action were described. Although complex to set up, these
techniques are essential to understand the specificity of action and
localize the drug-loaded nanocarrier in the biological environment.
Through the different sections, the implementation of these various
physicochemical and biological strategies was highlighted through
concrete examples of antimalarial drug-loaded macromolecular vectors.
The advantages of the nanoparticles were not only measured in terms of
increased drug activities, but more importantly for in terms of their
impact on the high reduction of associated toxicities and on the targeted
drug-release. Such improvements were made possible thanks to the
specific crossing of permeability pathways, leading to the selective tar-
geting of parasite-infected red blood cells. A still pending question
would be on the long-term effect of these nanocarriers on the resistance
mechanisms of the parasite against antimalarial treatments. All the DDS
vectorized antimalarial drugs on the market are known to cause resis-
tance. The next move might be to adapt these nanocarriers to the vec-
torization of new drug candidates with ground-breaking mechanism of
actions. The mode of administration (oral delivery instead of intrave-
nous) and the cost of production of these nanoformulations, intended for
developing countries where malaria is rife are also major obstacles that
must be taken into considerations in the future developments.
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