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Abstract

Self-assembled cylindrical aggregates made of amphiphilic molecules emerged almost 40
years ago. Due to their length up to micrometers, those particles display original physico-chemical
properties such as important flexibility and, for concentrated samples, a high viscoelasticity making
them suitable for a wide range of industrial applications. However, a quarter of century was needed to
successfully take advantage of those improvements towards therapeutic purposes. Since then, a wide
diversity of biocompatible materials such as polymers, lipids or peptides, have been developed to
design self-assembling elongated drug nanocarriers, suitable for therapeutic or diagnostic applications.
More recently, the investigation of the main forces driving the unidirectional growth of these
nanodevices allowed a translation toward the formation of pure nanodrugs to avoid the use of

unnecessary side materials and the possible toxicity concerns associated.
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1. Introduction

Drug nanocarriers represent a very active area of research, particularly in oncology, as they
can increase drug efficacy by improving drug pharmacokinetics and biodistribution. Spherical
nanocarriers, such as micelles, liposomes or polymer nanoparticles are generally used. The first
biological barrier encountered by these nanocarriers after intravenous administration is their rapid
clearance from the blood compartment by the phagocytic cells from the reticulo-endothelial system
(RES), triggered by the adsorption of plasma proteins at their surface (the so-called
“opsonization™).[1,2] Nanoparticles size significantly influences the protein corona formation so that a

longer circulation time is obtained with nanocarriers with a size of ~ 20 nm and below. Surface



modification with hydrophilic brushes of poly(ethylene glycol) (PEG) may further hinder
opsonization, leading also to extended lifetime in the blood stream of these “stealth” PEGylated
particles.[3,4] However, the shape of the nanocarriers also matters. Early in vitro studies by Mitragotri
and colleagues have highlighted the role of the particle shape in phagocytosis.[5-7] They showed that
whether rat alveolar macrophages initiated phagocytosis or spreading on anisotropic polystyrene (PS)
particles depended on the local particle shape at the initial point of contact. A sharp geometry at the
point of contact favored internalization. In contrast, phagocytosis did not occur when the long axis of a
prolate ellipsoid was parallel to the cell membrane. Prolate ellipsoids were internalized much less
efficiently than oblate ellipsoids or spheres and phagocytosis was inhibited for elongated particles with

aspect ratios higher than 20.

The pioneering researches initiated by Discher’s group revealed an unprecedented delayed
clearance in vivo for long flexible micelles self-assembled from amphiphilic, PEG-based, diblock
copolymers.[8] These so-called “filomicelles”, reminiscent of filoviruses in some respects, persisted in
the rodent blood stream up to one week for 8 um-long ones, in spite of their progressive
fragmentation. This is about ten times longer than for spherical particles with similar surface
chemistry. The filomicelles were stretched by the flow and aligned along the stream lines, thereby
reducing vessel wall collisions and interactions with macrophages (Fig. 1). To assess the potential of
these filomicelles as new drug delivery devices, they were loaded with paclitaxel (PTX), a
hydrophobic drug active against a wide range of cancers.[9,10] The maximum tolerated dose (MTD)
was almost two-fold higher for PTX in filomicelles than when loaded in spherical micelles resulting in

a greater and more sustained tumor shrinkage in a mice xenografted model of lung cancer.



Fig. 1: Scheme of the different uptake of spherical and cylindrical micelles (dark blue) by macrophages (pale
blue) under blood flow. The red arrows indicate the blood flow direction.

These outstanding results have stimulated interest in developing new cylindrical drug
carriers and in investigating how the design parameters can affect the transport, biodistribution,
targeting and cellular internalization of particles by non-phagocytic cells upon intravenous
administration. Recent reports have attempted to define general guidelines for efficient drug
carrier.J11-16] This is a complex task because controlled sizes and shapes combine with other
parameters such as flexibility and surface properties to collectively determine the fate of the particles
and because optimized parameters are not necessarily the same for each successive stage of the
particle pathway in vivo. Beyond the influence of size and shape on phagocytosis, numerous
simulation and experimental studies have investigated the impact of size and shape on migration
(margination) and adhesion to the vessel walls, extravasation through pores, accumulation at the
disease site and cellular internalization of the particles. New top-down fabrication methods have
opened the possibility to compare particles with identical volumes but different shapes, including rods
or worms.[17,18] Mitragotri’s group have used a stretching process to deform spherical PS or

poly(lactic-co-glycolic acid) (PLGA)-based particles embedded in a poly(vinyl alcohol) (PVA) film,



achieving particles with complex shapes.[5] The Particle Replication in Nonwetting Templates
(PRINT) method, developed by DeSimone’s group, enabled also precise control over the size and
shape of molded particles usually composed of polylactic acid (PLA) or PEG hydrogels whose elastic
modulus can be tuned by cross-linking. However, few reports have dealt with top-down-made
particles loaded with a therapeutic substance and, to our knowledge, none has compared the

therapeutic performances of cylindrical nanomedicines and spherical ones.[19,20]

Most often, the formation of cylindrical drug nanocarriers relies on the self-assembly in an
aqueous medium of amphiphilic molecules (e.g. block copolymers, peptide amphiphiles, lipid- or
polymer-based bioconjugates...), driven by the aggregation of the hydrophobic moieties. The
morphology of these cylindrical assemblies is mainly controlled by the wedge shape of the molecules.
It can also be tuned by a variation of temperature or pH, or by the concentration and nature of ions in
solution when the hydrophilic part of the molecules displays pH-sensitive or charged groups.[21,22]
For example, the phase diagram of the near-symmetric poly(acrylic acid)-polybutadiene (PAA-PBD)
charged block copolymer showed that the self-assembly morphology switched from spherical micelles
to cylinders and from cylinders to vesicles (with broad coexistence regions) when adding salt or
decreasing the pH from pH = 8 to pH = 3. Within the cylindrical micelle region, decreasing further the
repulsions between the PAA corona blocks by neutralizing or screening their charges entailed the
growth of worm-like micelles up to several microns long.[22] This example illustrates the difficulty to
generate different shapes based on a unique chemical composition in the same conditions. However, in
some cases, spherical micelles could be kinetically stabilized by sonication or high-pressure

homogenization of the worm-like micelles.

Finally, the effectiveness of nanocarriers depends on their drug loading capacity and their
ability to deliver it to the site of action. The so-called “physical encapsulation” of drugs consists in the
formulation of a nanocarrier in which the non-covalently bound drug is physically entrapped, either in
the hydrophobic core or at the surface, depending on the drug properties. However, this approach may
require a purification step to remove the non-encapsulated drug, and often leads to poor drug loading

and possible burst release of the drug molecules when they are only adsorbed at the surface of the



nanocarrier. Considering spherical and cylindrical nanocarriers with equal radius, nanocylinders
exhibit a higher volume-to-surface ratio. Hence, when the drug is entrapped in the nanocarrier core,
the drug loading in cylindrical nanocarriers should be higher than in spherical ones. The drug release
is also expected to depend on the nanocarrier shape, due to the dependence of diffusion/dissolution on
geometry. The influence of drug-carrier interactions on drug loading and release has also been
unveiled, weaker interactions inducing lower encapsulation efficiency and loading and faster release.
The composition and the diameter of the filomicelles core could be tuned with the aim to achieve a
high drug loading capacity and a sustained drug release.[23-25] The covalent coupling of the drug to
the nanocarrier material to form amphiphilic bioconjugates able to self-assemble allowed overcoming
some of the limitations of the physical encapsulation. Depending on the molecular weight of the
carrier molecule, the so-called “chemical encapsulation” allows generally higher drug loading, while
avoiding burst release. Additionally, the incorporation of stimuli-sensitive linkers between the drug
and the carrier material enables precise control of the drug release. However, both physical and
chemical loading involve the use of a carrier material which can have safety concern. Therefore, recent
trends have focused on the development of carrier-free pure nanodrugs. However, such nanomedicines
rely on the chemical structure of the drug and have so far been successfully applied to only a very

limited number of drugs.

The aim of this review is to give an overview of the recent developments and applications of
cylindrical drug nanocarriers, focusing on self-assembled organic devices loaded with drugs. Section 2
will summarize the current knowledge on the impact of a cylindrical shape on nanocarrier behavior
upon intravascular administration. Section 3 will focus on nanocarriers in which the drug is physically
loaded. They are usually generated by the self-assembly of amphiphilic block copolymers or
hydrophilic peptides chemically linked to one or several alkyl chains. Section 4 will highlight
bioconjugate-based nanocarriers, in which the drug is covalently coupled to an appropriate building
material such as a polymer, a lipid or a peptide. Pure nanodrugs will be described in Section 5. Lastly,

Section 6 will address toxicity concerns about those elongated nanocarriers.



2. General properties of cylindrical nanocarriers

Cylindrical drug nanocarriers may be encountered in the literature under the appellations
nanorods, nanoworms (or worm-like particles), filomicelles, nanofibers... Those designations, mainly
depending on the carrier material and on the nanocarrier stiffness are schematized in Fig. 2.
Cylindrical nanocarriers generally display diameters below 120 nm and lengths from few hundred
nanometers to several micrometers (Table 1). They can be visualized by means of microscopy
techniques such as atomic force microscopy (AFM), scanning (SEM), transmission (TEM) or
cryogenic transmission electron microscopy (cryo-TEM) or optical (fluorescence) microscopy,
depending on their size. Small-angle X-ray or neutron scattering (SAXS, SANS) may provide detailed
structural information on nanocarriers in suspension in the ~ 1 — 100 nm range.[26] In addition to
length and diameter, another key parameter impacting the behavior of worm-like micelles (or other
flexible filamentous carriers) is their persistence length I, which is a measure of their flexibility. The
persistence length is described as the length over which worm-like micelles are considered as rigid

rods and is defined as the ratio of the bending rigidity « and thermal energy keT (I, = k / kgT).

Nanorods Nanoworms
Stiff (L<1,) Flexible (L > 1,)
Wo'rm-llke Filomicelles Nanofibers
micelles Polymers Peptides
Surfactant Y P

Fig. 2: Cylindrical nanocarriers and main designations based on carrier material



Table 1: Dimensions and characterization methods of the main cylindrical drug delivery nanocarriers.

System Composition Drug Diameter (nm)  Length (um) Technique References
Polymers PEG-PCL PTX 20-60 2-18 (Cryo-)TEM, [8,9,27]
Fluorescence
microscopy
PEG-PCL (silica-coated) MTX 121 ~1 FE-SEM [28]
PEG-P(CL/GA)* PTX 20 0.1-1 TEM [27]
PEG-PBCL PTX 23 Fluorescence [25]
microscopy
PGA-g-(PCL-b-PEG) DOX n. d. 0.23 AFM [29]
MPEG-b-PDPA SCB 19.9 50-200 TEM [30]
PEG-PLLA* PTX 20 ~0.2-> 1** TEM, AFM [24,31]
PEG-PLLA* PTX n. d. > 1** AFM [23]
+ 17-AAG
* Rap
PEG-PLA / PLA-Jeff-FA* Betulin n. d. ~0.1-1** TEM [32]
Derivative
Folate-PEG-PLA-PEG-Acrylate / MPEG-PLA-PEG- DOX 23 0.1-0.2 TEM [33]
acrylate + SPIO
LPEI-GT DNA 53 128 AFM, TEM [34]
IPEI-g-PEG DNA ~ 20-60 ~0.06-1 TEM [35]
P(MeOx-b-BuOx-b-MeOx) Eto ~ 50** ~ 100** TEM [36]
+ CP
PEG-b-PPS ICG 50 >1 Cryo-TEM [37]
PEG-PHB-PEG ICG 5.4 > 1** Cryo-TEM [38]
PEG-PHB-PEG / PF-127 ICG 5.25 ~0.1-1** Cryo-TEM [38]
PHEMA122-g-(PAA27-b-PEG4s) IR780 18.3 60.2 AFM [39]
PHEMA747--(PAA,1-b-PEG4s) IR780 17.7 170.5 AFM [39]
Peptide (C16H3202)2-K(VPGAG); PTX 12-16 0.07-1.7 TEM, AFM [40]
amphiphiles gC8-Tat PTX 15 >1 TEM, WAXS [41]
KRRASVAGK]C12]-NH: DOX 5.1 >1 Cryo-TEM, [42]
SAXS
C16-A4G3E3 CPT 11-12.4 >1 TEM, SAXS [43]




C16V2AE2G ApoAl / Ci6VoAE-NH; GW3965 n. d. 03>1 Cryo-TEM [44]
CH3(CH2)14CONH-GTAGLIGQRGDS-COOH CDDP 8-10 >1 TEM [45]
Polymer-drug PGMA-b-POEGMA-b-PSt Gd** 30 Varying with  TEM [46]
time
PEG-TetraCPT CPT 60 0.5 TEM, Confocal [47]
PEG-OctaCPT CPT 100 1 microscopy
Lipid-drug DLPU Uri ~4.2 > 2x* SANS, SLS [48,49]
DLPA Ade ~10-12 ~0.1-> 1** Cryo-TEM, [50]
DLS
OA-Ara Ara-C n. d. 0.2-> 1** TEM [51]
LA-Ara Ara-C ~30 > 2%* TEM [52]
PA-Ara Ara-C n. d. > 1** TEM [53]
SQ-Dox DOX ~5-6 ~0.006-> 1**  Cryo-TEM, [54]
AFM, SAXS
Peptide-drug Ket-L-VEVE Ket 50.44 > 1** TEM [55]
MCPT-buSS-Tau / dCPT-buSS-Tau CPT 6.7-7.2 >1 (Cryo-)TEM [56]
CPT-PTX-Sup35 CPT/PTX 7-8 > 1** Cryo-TEM [57]
P18-PLGVRGRGD P18 30 > 1** TEM [58]
HCPT-MDP26 Cylinders HCPT 14 ~0.04 TEM, SAXS [59]
HCPT-MDP26 Fibers 6.8 ~0.04
HCPT-MDP26-PEG 8 ~0.05
DOX-KGFRWR DOX 10.5 > 1** TEM [60]
PTX-Tau PTX 11.8 >1 Cryo-TEM, [61]
AFM
Supramolecular C16V2A2E2-Nb Nb 7 > 0.1** TEM, SAXS [62]
hydrogels DEX-SA DEX 30 >1 TEM [63]
PTX-SA PTX 10-15 >1 TEM [64]
CRB-FFE-YSV CRB/YSV 30-40 >1 TEM [65]
PTX-SA-NapFFKYp PTX 29 > 1** TEM [66]
Pure nanodrugs CPT/TTZ/DOX 100.8 0.63 SEM [67]
CPT 100-400 4-24 SEM, AFM [68]
HCPT / Ce6 135 0.36 SEM, TEM [69]
CPT-NH: ~ 100 >1 SEM, TEM [70]
SN-38 50-300 1-10 SEM, TEM [71]

* Dimensions of filomicelles formed in a mixture of spheres and cylinders



** Extrapolated from pictures

17-AAG: Tanespimycin; AFM: Atomic Force Microscopy; BuOx: 2-butyl-2-oxazoline; DLS: Dynamic Light Scattering; Eto: Etoposide; FE-SEM: Field Emission Scanning
Electron Microscopy; GT: Gelatin; GW3965: Liver X Receptor agonist; ICG: Indocyanine Green; Jeff: Jeffamine (O,0’-Bis-(2-aminopropyl) poly(propylene glycol)-b-
poly(ethylene glycol)-b-poly(propylene glycol)); LPEI: Low molecular weight PEI; MeOx: 2-methyl-2-oxazoline; MPEG: methoxy-PEG; PF-127: Pluronic F-127; PPS:

poly(propylene sulfide); RA: Retinoic acid; Rap: Rapamycin; SANS: Small Angle Neutron Scattering; SAXS: Small Angle X-Ray Scattering; SCB: Succinobucol; SLS; Static
Light Scattering; WAXS: Wide Angle X-Ray Scattering.
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Rigid nanorods under flow tend to orient along the stream lines. The order parameter f,
which characterizes their average orientation toward the flow direction, is zero in the isotropic phase
and one in the fully aligned state. It is a function of the ratio of the shear rate y and the rotational
diffusion coefficient Q, which accounts for the nanorod random rotation due to thermal motion
(Brownian motion) and increases with the shear rate and the nanorod length.[72] Long worm-like
micelles also tend to align in response to flow. The behavior under shear flow of long worm-like
micelles made of surfactants or amphiphilic block copolymers has been studied using SANS or SAXS,
reflecting their bulk-averaged orientation correlated to a decrease in viscosity (shear-thinning
rheological behavior) above a critical shear rate.[73,74] However, the reported observations of the
real-time dynamics of single micelles are scarce. Disher and colleagues have visualized individual
worm-like micelles, self-assembled from PEG-based block copolymers and labeled by a hydrophobic
dye, using fluorescence microscopy. A flexible filomicelle could be elongated by a flow of ~ 10 pm/s
in a suspension of blood cells or could be drawn from this suspension into a glass capillary, fully
extending into this confining geometry.[75] In an elongational flow, PEG-PBD filomicelles exhibited
a coil-stretch transition as a function of flow rate between the regime where Brownian motion
dominated and the regime where the micelles were stretched and aligned by the flow. The relaxation
time of filomicelles scales with their length. Consequently, for a given flow rate, filomicelles with
length larger than a critical value could not relax to a random coil conformation; they extended along
stream lines, whereas shorter ones did not.[76] The ability of filomicelles to stretch out within blood
vessels has been invoked to explain their extended circulation.[8] This was assessed in vitro: in a flow
chamber where the flow velocity was ~ 25 um/s, long filomicelles evaded immobilized phagocytes
whereas short cylindrical micelles and vesicles could be captured. A fraction of injected filomicelles of
initial length ~ 8 um persisted up to one week in vivo. Filomicelles underwent a progressive decrease
in length due to cell- and flow-induced fragmentation for inert filomicelles (polyethylethylene (PEE)-
PEG copolymer), combined with hydrolysis for biodegradable ones (polycaprolactone (PCL)-PEG
copolymers). Persistence in circulation was shown to be strongly dependent on the filomicelle initial

length, with a maximum half-life of about 5 days for PCL-PEG filomicelles of diameter ~ 60 nm and
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length ~ 8 um. As emphasized by Discher and colleagues, the ability of the fluid and flexible self-
assembled filomicelles to relax and/or fragment in flow seems crucial for a prolonged circulation to
occur. Indeed, they were cleared in hours when extensive cross-linking of their hydrophobic core
imparted them a rigid-body behavior. This hypothesis was supported by a latter study focusing on
water-soluble cylindrical polymer brushes (CPBs) consisting in a polymer backbone grafted with
hydrophilic side chains. Controlled polymerization techniques allowed the tailoring of the CPB length
and rigidity. The increase in rigidity of ~ 1.2 um long CPBs resulted in more rapid clearance in vivo

and higher deposition in the liver and spleen.[77]

In order to extravasate through vascular fenestrations, carriers need to be next to the blood
vessel walls, in the red blood cells (RBC) free layer, resulting from the confinement of flowing RBCs
within the core of the vessel. For a given volume fraction of RBCs (hematocrit), the thickness of the
RBC-free layer depends on the blood shear rate and vessel width. The migration of spherical carriers
toward the RBC-free layer relies on their interactions with RBCs. Indeed, the margination of large
spherical particles in a microfluidic channel was observed only in the presence of RBCs, in agreement
with simulations showing that, in the absence of RBCs, the particles follow the stream lines with no
lateral drift.[78] The particle size is a crucial parameter, micrometer-sized particles displaying higher
margination propensity. Using video-microscopy, Lee et al. have unveiled the in vivo distribution in
mouse microcirculation of PEGylated spherical particles of polystyrene labeled with a fluorescent dye.
The 200 nm particles presented a quite uniform radial distribution, without preferential near-wall
accumulation. In contrast, the 1000 nm particles experienced migration into the RBC-free layer.[79]
These findings are consistent with numerical simulations performed with different models, suggesting
that particles with diameter smaller than ~ 100 - 250 nm moved with RBCs whereas particles with
diameter larger than ~ 500 - 1000 nm were pushed toward the vessel walls.[80] Regarding the effect of
flow rate, Carboni et al. revealed the increase in margination with increasing flow rate by direct
tracking of fluorescent particles flowing through a microfluidic channel.[78] This experiment was also
consistent with results from simulation studies. The particle shape is also expected to play a key role

because the forces and torque exerted on the particles in the blood stream depend on their shape. Non-
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spherical particles may undergo tumbling and rolling, affecting their trajectory and probability of
contact with the walls. It should be noted that in experimental studies the margination of rigid rods
was not measured independently from their adhesion to the wall of a microfluidic device. Mitragotri’s
group has compared the adhesion of rod-shaped and spherical polystyrene particles of equal volumes
in either a synthetic microvascular network or a parallel plate flow chamber, with or without
RBCs.[81-83] The fluid shear rates were typical of those observed in the microcirculation. Adhesion
was facilitated by specific ligand - receptor interactions between the functionalized particles and walls
(e.g. biotin - avidin or bovine serum albumin (BSA) - anti-BSA monoclonal antibody interactions).
The key finding was that rod-shaped particles with lengths in the ~1 — 10 pm range exhibited higher
adhesion / retention, due to larger contact area and lower drag force exerted by the fluid flow.
Moreover, the difference between the adhesion / retention of rods and spheres of equal volumes was
enhanced for larger particles, highlighting the interplay between size and shape. Interestingly,
Vahidkhak and Bagchi have emphasized in a simulation study that the shape of the microparticles
affected their margination and wall adhesion behaviors in the blood flow differently. Rod-shaped
microparticles displayed a lower near-wall accumulation compared to spherical microparticles but a
higher overall probability of adhesion, in agreement with experimental findings.[84] Very few studies
have dealt with margination / adhesion of flexible worm-like micelles.[85] But Shuvaev et al. have
investigated polymeric filomicelles decorated with high affinity antibodies targeted to surface
molecules of lung endothelial cells. They have shown that these filomicelles, about 7.5 um in length,
could combine their preserved ability to circulate for a long time with efficient and specific binding to

endothelial cells in vivo, despite the large drag from the flow.[86]

Nanocarriers must then penetrate the tumor interstitial matrix, comprising mainly collagen,
to deliver a drug to the target cancer cells. Porous collagen or agarose gels have been used to model in
vitro the transport of nanocarriers across vessel pores and their diffusion into tumors. Chauhan et al.
have compared the penetration of inorganic nanorods and nanospheres coated by a PEG layer into
collagen gels. The two nanocarriers had the same 33-35 nm hydrodynamic diameters and,

consequently, nearly identical diffusion rates in water. However, nanorods diffused through the gels
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about 5 times faster than the nanospheres. In another experiment, it has been also suggested that the
transport rate through the pores depended strongly on the nanocarrier diameter.[87] As demonstrated
by Kim et al., polymeric filomicelles with a mean contour length of ~ 6.8 um and a diameter of ~ 25
nm were able to permeate under a solute density gradient through the 100 nm pores of an agarose gel.
In contrast, 100 nm sized polymeric vesicles remained at the solution / gel interface.[88] The
filomicelle radius of gyration exceeded half the size of the gel pores but flexible, loosely coiled,
filomicelles could extend to reptate through the gel.[89] The above mentioned nanorods and
filomicelles accumulated more efficiently in tumors in vivo than their spherical counterparts, in
agreement with in vitro experiments. Shukla et al. have further investigated the influence on the tumor
homing properties of the aspect ratio of rigid nanorods formed by self-assembly of the tobacco mosaic
virus (TMV) coat protein. TMV-based nanorods with 18 nm diameter and different aspect ratios (3.5,
7 and 16.5) were achieved and their surface functionalized with PEG. The smallest nanorods (18 x 63

nm) showed higher tumor penetration and accumulation, despite a shorter circulation time.[90]

Nanocarriers are internalized in non-phagocytic cells via endocytic pathways divided into
macropinocytosis, clathrin-mediated endocytosis, caveolae-mediated endocytosis and clathrin- and
caveolae-independent endocytosis. The preferred pathways are suggested to depend on the properties
of the particles and the nature of the cell lines.[91-93] Regarding the influence of shape on the extent
and kinetics of nanocarrier uptake, no clear picture could emerge. This is probably due to the difficulty
to separate the shape effects from those of other parameters (size, elasticity, charge and surface

chemistry).

Molecular simulations performed by Li et al. suggested that rod-like nanocarriers are less
efficiently internalized than their spherical counterparts due to the larger bending energy of a
membrane wrapping around a cylindrical nanoparticle.[94] Experiments on the uptake of gold
nanoparticles into HeLa cells might be partly explained by these findings. Cellular uptake of rods was

lower than that of spheres and further decreased when the aspect ratio increased.[95]
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On the other hand, it is interesting to note that a rod-like shape can enhance the role of
ligands concerning the cellular uptake since it provides larger surface areas of contact between the
nanoparticles and the cell membrane. Barua et al. have investigated the uptake of spherical and rod-
shaped polystyrene particles of two sizes (200 nm and 1 um) in three breast cancer cell lines. Rod-
shaped particles were prepared from spherical particles using the film-stretching process, thus ensuring
that they have the same volume. Whereas uncoated nanorods exhibited lower uptake compared with
spheres, they showed significantly higher uptake after coating with trastuzumab as a targeting
antibody (TTZ). This effect was more prominent for microparticles than for nanoparticles. This model
system demonstrates that particle shape can significantly improve the specificity of the binding and the
uptake into cancer cells.[96] This approach was further successfully applied to the targeting of other
types of endotheliums, such as lung [81], brain [81,97] or gastrointestinal tract [98,99] by polystyrene
nanorods coated with targeting ligands. Thus, all of these studies evidenced that coated polystyrene
nanorods achieved a much higher accumulation into the targeted endothelium than both their spherical
counterparts and the nanorods coated with non-specific immunoglobulin G, hence confirming the

pertinence of cylindrical nanocarriers towards a wide range of applications.

These results are consistent with those reported by Gratton et al. Using the PRINT method,
they have designed a series of PEG hydrogel particles and examined the shape effects on the cell
internalization by comparing HeLa cell endocytosis of cubic and cylindric particles of various sizes.
Rod-like particles were internalized faster and to a larger extent than cubic-shaped particles, through
various mechanisms of endocytosis. Furthermore, the rate of internalization was increased for
cylinders having similar volumes upon increasing their aspect ratio. This was tentatively attributed to

the interactions of the positive charges of the particles with the cell membrane.[100]

Other examples of enhanced cellular uptake for rod-like or worm-like nanoparticles
compared to spherical ones include nanoparticles formed by polymerization-induced self-assembly
(PISA) of amphiphilic copolymers [101] and nanoparticles formed by self-assembly of dendritic

polymer-drug conjugates.[102]
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Taken together, the above studies on model systems suggest that cylindrical nanocarriers
should be more effective than spherical ones for active targeting of the endothelium and anticancer
drug delivery. Among them, long and flexible filomicelles display unique properties, differentiating
them from shorter rigid nanorods. In addition to long circulation time, they can extravasate through
vessel pores due to their small diameter and reptate deeply into tumors owing to their flexibility, while
enabling a drug payload typical of microsized carriers. The anticancer properties of various cylindrical
nanocarriers compared to those of their spherical counterparts are reported in Table 2, pointing to

improved therapeutic outcome.

3. Drug-loaded nanocarriers

Drug-loaded nanocarriers refer here to nanomedicines consisting in a drug physically
entrapped into a nanovector either in its core or at the surface, depending on the properties of both the
drugs and the carrier material. Compared to the chemical encapsulation, this approach seems simpler
as it doesn’t require difficult chemical step to synthesize nanomedicines-forming bioconjugates.
However, it is necessary to investigate the encapsulation efficiency, as the presence of a proportion of
remaining free drug in the suspension may require an additional purification step to avoid any related
toxicity or side effects. Furthermore, structural characterization of drug-loaded nanocarriers is
essential as the incorporation of drugs may impact the physico-chemical characteristics of the

nanomedicines, or change their morphology.[103]
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Table 2: Anticancer properties of cylindrical nanocarriers compared to their spherical counterparts.

Cylinder Sphere composition  Drug IC50 Cell lines Maximum Other References
composition tolerated dose
PEG-PCL PEG-PCL PTX  ~ A549 2 X~2 ~ drug release rate in buffers in DPBS [8-10,104]

(pH 7.4) and DPBS:FBS 1:1

~ tumor apoptosis

N nontumor organs apoptosis

~ A549 tumor growth
PEG-PCL (silica- PEG-PCL (silica- MTX N/11 MCF-7 n. d. N drug release rate over 160 h in PBS (pH [28]
coated) coated) 7.4)
PGA-g-(PCL-b- PEG-PCL DOX N~/16 EJ n. d. /7 drug release over 110 hin PBS (pH 7.4) [29]
PEG) 7 cell uptake by Hela and HepG2 cells
PEG- PEG-DICPT/DOX  CPT N2 MCF-7 n. d. 7 blood circulation time ( ty2 7~ x 3.6) [102]
TetraCPT/DOX N 17 MCF-7/ADR 7 tumor accumulation
PEG- PEG-DICPT/DOX  CPT N/1.9 MCF-7 n. d. ~ blood circulation time [102]
OctaCPT/DOX N7 MCF-7/ADR
POEGMA-b-P(ST- POEGMA-b-P(ST- DOX ~/7.3 MCF-7 n. d. 2 cell uptake [101]
co-VBA)/DOX co-VBA)/DOX (Worms) ~ drug release rate over 72 h in buffers
Worms N /2.8 (pH 5.0 and 7.4)

(Rods)
HCPT / C18PMH- HCPT / C18MPH- CPT N2 KB N/ ~1.6 N drug release rate over 70 hin PBS (pH  [105,106]
PEG PEG N 17 4T1 7.4)
N14 MCF-7 7 and faster uptake by KB cells

7 blood circulation time

~accumulation in 4T1 tumor

~ 4T1 tumor growth
MTX-PEG-CPT MTX-PEG-CPT MTX/ ~/1.9 HelLa n. d. ~drug release over 48 hin PBS (pH 7.4)  [107]

CPT 7 and faster uptake by HelLa cells

7 blood circulation time (ty2 7~ x 1.8)
7 accumulation in HeLa tumor
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Gem-5-isoprene Gem-Sq

Gem

X2

MiaPaCa-2,
B16F10,
CCRF CEM
MCF-7, A549,
L1210wt

N uptake rate in MiaPaCa-2 and B16F10
cellsover 4 h

[108]

7 increase; “: decrease; ~. comparable

FBS: Fetal Bovine Serum.
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3.1. Polymer-based nanocarriers

Most of the cylindrical polymeric nanocarriers rely on the self-assembly in water of
amphiphilic diblock copolymers involving a PEG chain, on one hand, and a polyester chain such as
PCL or PLA, on the other hand. The hydrophilic, FDA approved PEG, is biocompatible and able to
reduce opsonization, conferring stealth properties to the nanoassemblies. PCL and PLA are
hydrophobic, biocompatible and biodegradable polymers widely used in biomedical applications. Two
methods are broadly used to induce the self-assembly of amphiphilic copolymers in water. In the thin-
film hydration method, water is added under stirring on a film obtained by drying a solution of the
copolymer. The second method involves the addition of water to a solution of the copolymer in an

organic solvent (or the reverse). The solvent is then removed by evaporation or dialysis.[109]

The free energy of the self-assembly determines the thermodynamically stable morphology
of the core-shell nanocarrier. For amorphous copolymers, it depends on the degree of stretching of the
hydrophobic core chains, the interfacial tension between the core and water, and the repulsive steric
interactions between PEG corona chains. The key parameter is the PEG weight fraction (feo), as
shown by extensive studies on PBD-PEG and PEE-PEG copolymers. Self-assembly interfacial
curvature increased with increasing feo, inducing shape transitions from bilayers to cylinders thento
spheres. In dilute solutions, wormlike micelles were observed alone over a relatively narrow range of
PEG weight fractions (~ 0.3 < fgo < 0.55). They coexisted with either vesicles or spherical micelles in
the wider vesicles/ wormlike micelles and wormlike micelles/ spherical micelles boundary regions,

respectively.[24,109-112]

This conventional phase behavior of amorphous block copolymers as a function of the
hydrophilic weight fraction can be modified by the crystallization of the core-forming blocks such as
PCL or poly(L-lactide) (PLLA) blocks, due to the contribution of crystallization to the self-assembly
free energy. Crystallization may favor the formation of cylindrical micelles because of their lower
interfacial curvature, compared to spherical micelles (Fig. 3).[113,114] For example, it has been

shown that core crystallization could induce the formation of rods upon aging of initial amorphous
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spherical micelles of PCL-PEG (CL26-E0Q4s5) copolymer.[115] Kim et al. have also reported the
unexpected formation of filomicelles at feo ~ 0.8, using the PEG-PHB-PEG copolymer which contains
the highly crystalline isotactic poly((R)-3-hydroxybutyrate) (PHB) hydrophobic block.[38] As another
example, PEG-based amphiphilic copolymers with either crystalline poly(caprolactone-b-L-lactide)
(P(CL-LLA)) or amorphous poly(caprolactone-b-D,L-lactide) (P(CL-DLLA)) as the hydrophobic
block formed cylindrical or spherical micelles, respectively.[116] Other studies dealing with PCL- or
PLA-based copolymers have highlighted the effect of the regularity of the hydrophobic chain structure
and of the lengths of both blocks on the formation of either worm-like or spherical micelles, with
similar feo. Jelonek et al. have investigated the influence of the stereochemistry of the PLA block on
the self-assembly of PLA-PEG copolymers. PLLA-PEG (LLAgsEO114, feo ~ 0.45) copolymer mainly
formed filomicelles, whereas PDLLA-PEG (DLLAg1EO114, feo ~ 0.46) copolymer, displaying L-
lactide and D-lactide units randomly distributed along the chain, formed only spherical micelles.[24]
Sun et al. have shown that the introduction of even small amounts of glycolide (GA) units in the PCL
chains perturbed the chain structure and led to the formation of spherical micelles instead of PCL-PEG

filomicelles.[27]

Nature of the core- Crystalline / Amorphous
forming block semi-crystalline
Low High
Interfacial
curvature
Favored '
shape

Fig. 3: Role of the crystallinity of the core-forming block polymer on the shape of nanoparticles.
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Crystallization tends, therefore, to rigidify the wormlike micelle core. However, flexibility is
an essential feature for long circulating properties. Flexible wormlike micelles could be obtained with
PCL-PEG copolymers, despite the propensity of PCL chains to crystallize. Crystallization was
suppressed for low molecular weight PCL blocks because the high core curvature could induce defects
hindering the regular stacking of PCL chains, thus leading to the formation of flexible filomicelles.
Crystallization was also prevented in high molecular weight PCL blocks by random copolymerization

with racemic lactide units, disrupting the ordered chain packing.[113]

An alternative approach sometimes used to achieve wormlike morphology is to synthesize
CPBs, composed of a chain backbone densely grafted with side chains. The steric repulsion between
neighboring side chains causes extension of the chain backbone; longer side chains and higher grafting
degrees lead to more elongated shapes and wormlike morphology of the unimolecular micelle which is
obtained for high aspect ratio of the backbone and side chains.[117] When the side chains are
amphiphilic copolymers a core-shell structure may be obtained. And antibodies may even be bound to
the side chains for specific cell targeting. But few examples of biomedical applications are reported so
far. They include CPBs carrying doxorubicin [29], CPBs complexing DNA or siRNA [35,118] and
CPBs binding the cationic IR780 molecule through electrostatic interactions for photothermal cancer

therapy [39].

The core of filomicelles can carry hydrophobic drugs. The drug loading can be performed by
two methods: (i) either the drug is solubilized into the organic phase, prior to the formulation of the
nanocarrier, (ii) or the empty nanocarrier is formulated and the drug loaded a posteriori by incubation
of the nanocarrier suspension with a drug-containing solution. The drug loadings of different
cylindrical polymer nanocarriers are gathered in Table 3. They are compared to those of the
corresponding spherical micelles when data are available. They are usually higher, as expected,
because a cylindrical micelle has a larger volume to surface area ratio than n spheres of the same
radius and same total mass.[119] Drug loading also increases with the radius of the micelle core,
depending on the length of the copolymer hydrophobic block. Of note, drug loading may also be

affected by the amorphous or crystalline nature of the core.
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Table 3: Drug loading of polymeric nanocarriers

Filomicelles composition ~ Spheres composition Drug Filomicelles Compared to spheres References
drug loading -
(%) Drug Logd_ ing
loading efficiency
PEG-PCL PEG-PCL PTX ~2.9-4.7* 7~ (x~2) 7~ (X~2) [9]
PEG-PCL PEG-P(CL-GA) PTX 10.6-12.4 N (~-2.5 N (~-15.1%)*  [27]
%)*
PEG-PCL (silica-coated) = PEG-PCL (silica- MTX 3.5 7 (+14 7 (+39.4%)*  [28]
coated) %)*
PEG-PBCL n. d. PTX ~3.2% n. d. n. d. [25]
PGA-g-(PCL-b-PEG) PEG-PCL DOX 3 N(-29%)* N (-25 %) [29]
MPEG-b-PDPA n. d. SCB 15.6 n. d. n. d. [30]
PEG-PLLA PEG-PDLLA PTX 49-11.3 ~(+15 Z(+17.1%)*  [24,31]
%)*
PEG-PLLA n. d. PTX 3.1-4.6 n. d. n. d. [23]
+ 17-AAG 2.1-47
* Rap 1.4-1.8
PEG-PLA /PLA-Jeff-FA  n.d. Betulin 19.7-20 n. d. n. d. [32]
derivative
FA-PEG-PLA-PEG- n. d. DOX 9 n. d. n. d. [33]
Acrylate / MPEG-PLA- + SPIO 48
PEG-acrylate
LPEI-GT n. d. DNA 3.8* n. d. n. d. [34]
IPEI-g-PEG n. d. DNA n. d. n. d. n. d. [35]
P(MeOx-b-BuOx-b- n. d Eto 16.2-~ 50 n. d. n. d. [36]
MeOx) + CP 19.2-36.2
PHEMA12,-g-(PAA27-b- PHEMAs7-g- IR780 24.5 ~(-0.1) ~(-0.6) [39]
PEGus) (PAA1-b-PEGus)
PHEMA747-g-(PAA21-b- PHEMAGs;-g- IR780 24.7 ~(+0.1) ~(+13) [39]
PEGus) (PAA21-b-PEG4s)

* Calculated from data

/7 increase; “: decrease; ~: comparable



The delivery using filomicelles of paclitaxel (PTX), a hydrophobic anticancer drug with a
very low water solubility, has been widely investigated by Discher’s group [120] and Jelonek et
al.[23,24]. Discher and colleagues have found that PTX could spontaneously partition into the
hydrophobic core of PCL-PEG filomicelles. Two copolymers with similar feo ~ 0.42-0.43 but different
molecular weights, either Mn ~4700 (CL24EQ4s) or Mn ~ 11500 (CLs7EO114), were studied. The drug
loadings were 4.5 and 6.7 wt. %, respectively, consistent with the larger core diameter of PCL-PEG
11500 (d = 29 nm) than PCL-PEG 4700 (d = 11 nm).[119] It was further demonstrated that linking a
benzyl group to the PCL chain increased the solubilization of PTX, which displays multiple aromatic
moieties, into the filomicelle core. The PTX loading capacity of PEG-poly(a-benzyl carboxylate e-
caprolactone) (PBCL-PEG) filomicelles was improved by 40% over PCL-PEG filomicelles.[25]
Discher’s group have also recently shown that PCL-PEG filomicelles could deliver a combination of
PTX and retinoic acid for the treatment of liver cancer models, more effective than free drugs or
separately loaded drugs.[121] PTX could also be incorporated into PLLA-PEG filomicelles with a
comparable loading content, in the 4.7 - 6.5 wt. % range for an initial amount of drug of 10 wt. %,
depending on the copolymer molecular weight. Longer PLLA and PEG blocks (LLAssEO114) led to
higher encapsulation.[24] PTX was further loaded in PLLA-PEG filomicelles with either a heat shock
protein 90 inhibitor (17-AAG) alone or a mixture of 17-AAG and rapamycin (Rap) by a one-step
physical process. PTX and 17-AAG presented similar loadings in PTX / 17-AAG loaded filomicelles
(3.1+ 0.6 and 3.7 £ 1.5 wt. %, respectively). In contrast, in PTX / 17-AAg/Rap loaded filomicelles,
higher incorporation of PTX was observed compared to 17-AAG and Rap, the latter having the lowest
loading content (4.6 £ 1.4, 2.7 + 0.2 and 1.8 + 0.3 wt. %, respectively). These differences reflected

interactions of drugs with PLA-PEG and with each other.[23]

The drug loading in filomicelles remains generally quite low, in the 5 - 10% range. However,
the triblock amphiphilic copolymer poly(2-methyl-2-oxazoline-b- 2-butyl-2-oxazoline-b- 2-methyl-2-
oxazoline) was recently shown to form wormlike nanocarriers with an exceptional drug loading,
superior to 50 % for the combination of etoposide (ETO) and an alkylated cisplatin prodrug (C¢CP),

displaying synergistic effects against lung cancers.[36] This remains, to date, the wormlike-forming
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copolymer with the highest drug loading capacity. Remarkably, the loading of ETO promoted the
formation of short worms, with an aspect ratio of 1.5-2, in coexistence with spherical micelles. This
elongated morphology was preserved upon co-loading of ETO and C¢CP, whereas micelles loaded

only with C¢CP were spherical, highlighting the importance of specific drug-polymer interactions.

Drug release from filomicelles may occur through passive diffusion and/or degradation of
the core. After an initial burst release, a sustained release of PTX from PCL-PEG and PLLA-PEG
filomicelles was observed in vitro. In both cases, the prolonged PTX release could be correlated to the
degradation of the filomicelles. The initial burst release of PTX, ~ 50 % within 1 h for filomicelles of
PCL-PEG with molecular weight Mn ~ 4700 (CL4EQus), was suggested to result from the drug
molecules located at the core-corona interface. The remaining PTX was then released over 36 h with
an almost constant rate. The concurrent degradation of PCL-PEG filomicelles at 37 °C in buffer was
monitored by gel permeation chromatography (GPC), revealing a new species that was found to be the
monomer product of PCL hydrolysis (6-hydroxycaproic acid, 6-HPA). Hydrolysis took place by
chain-end cleavage, resulting in a progressive reduction of the PCL block length and an increase in the
feo ratio. This induced a gradual transition from worm-like to spherical micelles and the shortening of
filomicelles, as shown by fluorescence microscopy and cryo-TEM.[119,122] The time required for the
completion of the morphological transition was ~ 28 h, underlining the relationship between
filomicelle degradation and PTX release. Degradation kinetics was found to depend on temperature,
pH and molecular weight Mn of PCL-PEG. It was minimal at 4 °C, increased at acidic pH (pH 5),
consistent with acid-catalyzed ester hydrolysis, and strongly decreased for Mn ~11500 (CLs7EO114).
PLLA-PEG (LLAgsEO:14) filomicelles revealed a much slower PTX release, of the order of 10 % after
71 days at 37 °C in PBS at pH 7.4. The PTX release kinetics was further compared to the degradation
of filomicelles in the same conditions. The decrease in molar mass of PLLA-PEG (LLAgsEQ114) block
copolymer was measured by GPC and the increase in EO/LLA ratio by NMR, supporting the
correlation between filomicelles degradation and drug release. Of note, a significantly higher drug
release was observed for PDLLA-PEG (DLgoEOQ114) spherical micelles ( ~ 30, 33 and 63 % at pH 7.4,

5.5 and 3.0, respectively) compared to PLLA-PEG filomicelles ( ~ 10, 15 and 22 % at pH 7.4, 5.5 and
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3.0, respectively). This was correlated to the amorphous nature of the spherical micelles core.[31] This
degradation-coupled release of the drug, enhanced at low pH, is particularly interesting regarding

cancer therapy, since pH is lower in tumor tissues than in healthy ones.

Thus, wormlike micelles with pH-responsiveness have been specifically designed to
be activated in acidic environments. For example, the poly(2-diisopropyl methacrylate)-b-PEG
(PDPA-b-PEG) copolymer and the Y-shaped copolymer consisting of one PEG block and two 3-
diethylaminopropylated poly(L-lysine) (poly(Lys-DEAP)) blocks were synthesized and shown to self-
assemble as filomicelles.[30,123,124] Their hydrophobic blocks contain amine groups whose
protonation at acidic pH will turn them hydrophobic to hydrophilic, causing the disassembly of the
filomicelles, hence triggering the release of the encapsulated drug. This feature helps targeting solid
tumors, based on the slightly acidic pH of their extracellular environment (~ pH 6.8), for (poly(Lys-
DEAP)),-PEG [124], or enables drug release in late endosomes (~ pH 5.5) or lysosomes ( ~ 4.7) of

cancer cells for PDPA-b-PEG.[30,123]

Polyester-based filomicelles were also successfully used for theranostic purposes.
Yang et al. developed a multifunctional cylindrical nanovector obtained from a mixture of PEG-PLA-
PEG-acrylate and folate-PEG-PLA-PEG-acrylate polymers, for the encapsulation of the anticancer
drug doxorubicin (DOX) together with Small Particles of Iron Oxide (SPIO) as magnetic resonance
imaging (MRI) contrast agent.[33] Folic acid (FA) allowed active cell recognition, as folate receptors
are overexpressed on the cell surface of a wide range of human carcinomas [125], while acrylate
groups were introduced to allow crosslinking of the inner PEG layer, conferring enhanced stability to

the nanocarrier and sustained doxorubicin delivery.

3.2.  Peptide amphiphiles

Peptide amphiphiles (PAm) are basically constituted of a biologically active hydrophilic
peptide chemically coupled to one or several alkyl chains. Alkyl chain and peptide must be carefully
chosen to optimize the properties of the formed nanofibers. Due to their hydrophobic nature, the alkyl
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tails tend to aggregate in water, forming the nanofibers core to restrict contact with the aqueous
environment. This is the driving force of the self-assembly process. Simultaneously, the nature and
conformation of the peptide headgroup influences the size and shape of the nanoassemblies: peptides
in a-helixes or random coil conformation may form either spherical or cylindrical micelles, while
peptides forming [3-sheets will exclusively form nanofibers.[126] The B-sheet role in the formation of
elongated structures was investigated in detail by Paramonov et al.[127] After screening 26
amphiphilic peptides composed of a palmitic Cis chain linked to the peptide headgroup via a glycine-
based linker, the authors highlighted the necessity for the four amino acids located the closest to the
nanoparticle core to be able to form -sheet hydrogen bonds with neighboring peptides to allow the
formation of nanofibers. To go further, Tirrell group focused few years later on the self-assembly
mechanism of worm-like PAm through the example of a conjugate made of a Css alkyl chain linked to
three tryptophan and one lysine units (C16-W3K). Notably, the possibility was demonstrated to
initiate a transition from sphere to rod by triggering a transition in the peptide conformation from .-
helixes to B-sheets after heating. The growth mechanism was shown to occur through the attachment
of transient spherical micelles to the end of the growing cylindrical micelles upon heating (Fig.
4a).[128,129] With successive developments, additional structural region can be added to the initial
alkyl core and B-sheet-forming moieties, like a third segment composed of a sequence of amino acids
designed to allow structural modifications (improve water solubility, trigger gelation...) and possibly a
fourth domain consisting in a sequence incorporating a bioactive signal, like cell adhesion for example

or a therapeutic molecule. (Fig. 4b, ¢).[130,131]
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Fig. 4: (a) Self-assembly process of worm-like micelle in the PAm C16-W3K during the 50°C incubation; (b)
Molecular structure of a representative peptide amphiphile with four rationally designed chemical entities; (c)
Molecular graphics illustration of the peptide amphiphile molecule and its self-assembly into nanofibers, as well
as, an illustration of the cross section of these fibers, highlighting the extensive hydration of the peptide shell.
Adapted with permission from [129,130].

The formulation process of drug loaded amphiphilic peptide nanofibers is straightforward as
they spontaneously self-assemble after hydration with usually water or PBS at pH 7.4. Small
anticancer drugs can be loaded into the nanofibers core by mixing the drug and PAm, prior to the
hydration step, in a strong solvent like hexafluoro-2-propanol to allow molecular mixing. The obtained
mixture is then evaporated to complete dryness before hydration with water or a buffer to obtain the
self-assembled structures.[40,41,43,44,132] The drug loading into such peptide-based nanofibers is,
unfortunately, rarely mentioned in the literature. However, Soukasene et al. reported a molar ratio of
1:28, between the encapsulated drug, here camptothecin (CPT), and the peptide nanocarrier [43], while
in another study Tat-based nanofibers loaded with PTX revealed a drug content of 6.8 %, which may
be considered as a high loading capacity for elongated nanoassemblies.[41] The rationale was to
design PAm nanofibers with multiple short Cs tails rather than with a single one to widen the core and
reduce its crystallinity, hence allowing the incorporation of more hydrophobic drug. And effectively,
the 4-tail conjugate incorporated more drug than the 1-tailed and 2-tailed counterparts. Of note, the
carrier rigidity generally increased with the drug loading, as another potential way to control the
physico-chemical properties of the nanocarriers and to modulate their behavior after administration.
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Interestingly, the length of PAm nanofibers may be adjustable. For example, addition of various

amounts of the capping phospholipid 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) to the
elastin-based PAm nanofibers stopped their growth by forming endcaps: nanofibers length decreased
in a controlled way when increasing the DOPE amount, without alteration of the fibers diameter.[40]
Since the length of nanofibers is largely involved in the biological processes, this study could provide

a simple mean to modulate the therapeutic response of the drug loaded into the PAm nanofibers.

PAmM as nanocarriers have mainly been applied to cancer treatment: after loading of
anticancer drug, they generally exhibited an increased in vitro toxicity against several lines of breast
cancer cells compared to the free drug, along with a reduction of the tumor volume in vivo.[42,43,132]
Similarly to polymeric filomicelles, stimuli-sensitive PAm could be designed to release drug in a
controlled way. Specific sequences substrate of enzymes like matrix metalloproteinase-2 (MMP-2)
[45] or protein kinase A (PKA), both overexpressed in various cancers, can be incorporated into the
amino acids sequence of the peptide to specifically trigger the drug release into the tumor.[42,45] A
first strategy was to insert the MMP-2-sensitive sequence between the alkyl chain and an RGDS
epitope (used for recognition). After complexation with cisplatin (CDDP), the enzymatic degradation
resulted in the cleavage of the PAm, triggering the release of CDDP-RGDS complexe. In another way,
the insertion of a sequence sensitive to PKA led to a completely different mechanism: the
phosphorylation of the substrate by PKA caused the disruption of the nanofibrous structure without
destroying the PAm, hence allowing the release of the encapsulated doxorubicin in the presence of
cancer cells. The reverse reaction, dephosphorylation by alkaline phosphatase, allowed then the
reversible formation of the nanofibers.[42] Recently, PAm nanofibers were adapted to treat
atherosclerosis. The design of nanofibers made of apolipoprotein-mimetic peptides permitted a
specific accumulation into the atherosclerotic plaques in a model of LDLR KO mice and an improved

cholesterol efflux from macrophages after loading the fibers with liver X receptor agonist.[44]

Under specific conditions, Pam nanofibers may also entangle to form hydrogels. Practically,
the peptide headgroup can be functionalized by small molecules such as hydrogelators, allowing the

gelation of the PAm suspension after screening the electrostatic repulsive forces, generally by the
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addition of a counterion.[62] And the encapsulated drug itself can be also used as the screening agent.
For instance, CDDP loading into PAm suspension was found to induce gelation by forming inter-fiber
complexes between the carboxylic acids of the peptide headgroups and the CDDP. Unexpectedly, this
hydrogel displayed a high drug release in vitro, up to 80 % after 24 h at pH 7.4.[45] More recently, a
gel was designed by the co-assembly of positively charged Lauryl-VVAGEE PAm and negatively
charged Lauryl-VVAGKKK-AM PAm for DOX encapsulation. The drug release rate in vitro could
then be adjusted by varying the initial PAm concentration. Prolonged drug delivery resulted in tumor
growth and tumor volume reduction in 4T1 tumor-bearing BALB/c mice.[132] The potentialities of
controlling the gelation as well as the drug release, along with the mechanical properties of the
hydrogel, make them interesting candidates also for the development of prolonged local drug delivery

systems.

4. Bioconjugate-based nanocarriers

Chemical drug loading relies on the covalent linkage of a drug to an appropriately chosen
building material. This approach led to the development of an important variety of one-component
nanomedicines. Among the numerous advantages of these drug delivery systems, one can cite a
dramatic increase of the drug content (Table 4) - and thus a reduced amount of inert material to be
administered to the patients -, an improved solubility of the drug, the prevention of potential burst

release and a better bioavailability.[133,134]
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Table 4: Drug loading of prodrug nanocarriers

System Composition Drug Drug loading (%) References
Polymers-based PEG-TetraCPT CPT 30.6 [102]
PEG-OctaCPT CPT 38.9 [102]
POEGMA-b-P(ST-co-VBA) DOX 5.0 [101]
Lipid-based DLPA Ade 32.6* [50]
DLPU Uri 30.6* [135]
OA-Ara Ara-C 47.9* [51]
LA-Ara Ara-C 57.3 [52]
PA-Ara Ara-C 50.4* [53]
SQ-Dox DOX 57.0 [136]
Peptide-based Ket-L-VEVE Ket 33.4* [55]
CPT-buSS-Tau CPT 23-31 [56]
CPT-PTX-Sup35 CPT 29 [57]
+PTX 12
DOX-KGFRWR DOX 31.9* [60]
PTX-buSS-Tau PTX 41.0 [61]
dCPT-K2 CPT 43 [137]
dCPT-OEGs-K2 CPT 36 [137]
dCPT-Sup35-K2 CPT 28 [137]
Supramolecular hydrogels DEX-SA DEX 77.0% [63,138]
PTX-SA PTX 87.9* [64]
CRB-FFE-YSV CRB 26.7* [65]
+YSV 34.0*
TA-SA-Glu TA 62.3* [139]

* Calculated from data
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4.1. Polymer-based conjugates

Two approaches exist to develop drug-polymer filomicelles. The first method consists in
using the drug molecule itself as one of the material building blocks. For example, Zhou et al. have
chosen to exploit the hydrophobic nature CPT and have synthesized PEGus-b-dendritic polylysine-
camptothecin (PEG4s-XxCPT) conjugates.[102] They discovered that by carefully choosing both the
number of CPT molecules linked to dendritic polylysine (DPLL) moieties and the number of the
dendritic generations altered the conjugate amphiphilicity, enabling to obtain various nanostructures.
More precisely, the conjugates with four and eight CPT molecules (PEG4s-TetraCPT and PEGas-
OctaCPT, respectively) allowed to obtain nanorods with drug content of 30.6 % and 38.9 %,
respectively, while assemblies with one or two CPT molecules only displayed spheres with drug
loadings of 13.4 % for PEG4s-CPT and 21.4 % for PEG4s-DiCPT. Such aggregates were formed by a
simple procedure: briefly, deionized water was added dropwise under stirring into a filtered solution of
PEG45-xCPT in N,N-dimethylformamide (DMF). The DMF was then removed by dialysis. The
obtained PEGass-TetraCPT nanorods dimensions were ~ 60 nm diameter and 500 nm length, while the
PEGa4s-OctaCPT were bigger: ~ 100 nm diameter and 1 um length. TEM observations revealed rigid
rods, as a consequence of the hydrogen bonding between DPLL amide groups and CPT =-rt stacking
(Fig. 5). Both PEG4s-TetraCPT and PEG4s-OctaCPT presented improved therapeutic performances
compared to spherical PEG4s-DIiCPT (Table 2), like longer blood circulation, faster cell uptake and

better drug release into the cytosol, making them good candidates for tumor drug delivery.

Another approach consisted in the conjugation of the drug directly to the polymeric
nanoparticles after their formation by polymerization-induced self-assembly (PISA). PISA consists in
the synthesis of block copolymers for which the block undergoing polymerization is insoluble in the
reaction media, hence triggering the self-assembly in situ.[101,140] It has been shown that in the case
of poly[oligo(ethyleneglycol)methacrylate]-block-[poly(styrene)-co-poly(vinyl benzaldehyde)]
(POEGMA-b-P(ST-co-VBA)), the morphology of the aggregates was related to the degree of
polymerization (DP,) of the P(ST-co-VBA) block, forming the core of the nanoparticles. Transition

towards elongated morphologies, like worms or rods, occurred with increasing reaction time. Reaction
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with the aldehyde groups brought by the styrene units allowed then both crosslinking the core of the
nanoassemblies and doxorubicin conjugation. However, this approach resulted in a drug loading of
only 5 %, which remains a low value for chemical drug loading. These elongated morphologies
revealed, however, decreased ICso and increased cell uptake compared to spheres, but concerning drug
release no significant differences were noted between the two structures (Table 2). This method was
further successfully applied to the conjugation of gadolinium complex Gd-DOTA to poly(glycidyl
methacrylate)-based polymer, in order to build new worm-like MRI contrast agent with improved r;
relaxivity comparatively to the spherical counterparts. And this was attributed to the larger core

volume of worm-like micelles, hence slower rotational dynamics.[46]
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Fig. 5: Chemical structure and TEM images (various magnifications) of (a-c) PEG4s-CPT; (d-f) PEG.s-diCPT;
(9-1) PEGus-TetraCPT; (j-I) PEG4s-OctaCPT. Adapted with permission from [102].

4.2. Lipid-based conjugates

Nucleoside-lipid conjugates spontaneously forming wormlike micelles were revealed within
the framework of extensive studies on the rich phase behavior of nucleolipids performed by Baglioni’s
and by Barthélémy’s groups.[141-143] The first examples of “associative polynucleotides” were those
of 1,2-dilauroyl (C12)-sn-glycero-3-phosphatidyl-adenosine and 1,2-dilauroyl (C12)-sn-glycero-3-
phosphatidyl-uridine (DLPA and DLPU, respectively). DLPU self-assembled into long flexible
cylindrical aggregates after solubilization in PBS (pH 7.5), with length growing with bioconjugate
concentration. Replacing uridine by adenosine led to a more complex self-assembly pattern. The
wormlike micelles evolved towards helical superstructures through micellar hierarchical aggregation
upon aging. An explanation was found in the higher stacking properties of purine bases compared to
pyrimidine ones, demonstrating that base-base interactions controlled the supramolecular

structure.[48-50,135]

The pharmaceutical activity of DLPA was not investigated yet. However, these systems
could open the way to the wormlike self-assembly of prodrugs of nucleoside analogues currently used
in clinic against cancers and HIV-infections. Sandin et al. have synthesized a conjugate of clofarabine,
a deoxyadenosine analogue active against leukemia, with 1,2-dilauroyl-sn-glycero-3-phosphatidyl via
a phosphodiester bond.[144] The prodrug aggregates displayed a locally cylindrical structure.
However, the stereochemistry of the polar head (at the SN2 carbon) was shown to induce an
unexpected difference in wormlike micelle flexibility, resulting in different hierarchical associations of
the primary micelles of the 2R and 2S diastereomers. The 2R-stereomer, sterically similar to
phospholipids, yielded flexible wormlike micelles, which could wound around each other, forming
helical superstructures. The 2S-stereomer gave rise to long stiff threads, often assembled through side-
by-side interactions. This 2S derivative showed higher oral bioavailability and anti-tumor activity in
vivo, which was tentatively explained by the diastereoselective self-assembly effect. Luan’ group has

designed amphiphilic prodrugs of cytarabine (Ara-C) for oral administration.[51-53] Cytarabine (1-(b-
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D-arabinofuranosyl) cytosine) is a pyrimidine nucleoside analogue widely used against leukemia.
Different lipid chains were linked to the NH2 group of Ara-C, namely oleic acid (OA, C18), lauric
acid (LA, C12) and palmitic acid (PA, C16). Nanoprecipitation of prodrugs dissolved in methanol led
to the formation of helical or twisted fibers, as shown by TEM. It has been suggested that OA-Ara
fibers were formed by twisted multilayer ribbons. Of note, changes in the formulation process could
induce modifications of the aggregate morphology. Although nanoprecipitation (bottom-up) followed
by sonication, centrifugation and redispersion, on one hand, and dispersion of powder in water under
sonication (top-down), on the other hand, both led to helical fibers, their length and rigidity differed.
The top-down process yielded shorter straight helical fibers (Fig. 6). Overall, the prodrugs

significantly increased the oral bioavailability of Ara-C and enabled a sustained drug release in vivo.
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Fig. 6: Self-assembly of OA-Ara in aqueous media and TEM imaging. Spiral assemblies are prepared following
(a; b) the top-down or (c; d) the bottom-up approaches. Adapted with permission from [51].

The so-called “squalenoylation” approach has been developed since 2006 by Couvreur’s
group. This method consists in the covalent coupling of various drugs to squalene, a natural triterpene

precursor of the cholesterol biosynthesis.[145] Due to the dynamically folded conformation of
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squalene, the resulting bioconjugates self-organized as spherical nanoparticles with improved
pharmacological activity for the treatment of cancer [146,147], neurological disorders [148] as well as
for pain alleviation [149] and even to control the paradoxal inflammation associated with COVID-19
infection [150]. Interestingly, concerning the shape of these squalene-based nanoassemblies,
squalenoyl-doxorubicin (SQ-Dox) represents an exception, forming elongated cylinders refolding into
loop-train rather than in spherical structures after simple nanoprecipitation into water. This unusual
behavior originates from the strong n-r stacking propensity of DOX, enabling the formation of
clusters of up to six DOX headgroups at the nanoparticles periphery. DOX stacking combined to
hydrophobic squalene-squalene interactions drive the uniaxial growth of those nanoassemblies.[54]
This original structure allowed decreasing the overall and cardiac toxicities, along with improved
anticancer activity compared to free DOX. Still more interestingly, SQ-Dox was more potent than the

two currently available liposomal formulations of doxorubicin, ie. Myocet and Caelyx.[136]

The influence of the length and nature of the terpenoid chain on the supramolecular
organization of theses lipid-based bioconjugates has been investigated by Lepeltier et al. using
Gemcitabine (Gem) as a model drug linked to polyisoprene chains built from 2 to 6 isoprene
units.[108] Only conjugates with polyisoprene chains up to 5 units formed cylindrical assemblies.
Bioconjugates comprising 2 to 4 isoprene units assembled into pums-long ribbons or nanotubes but
appeared to precipitate in less than 1 hour. Oppositely, Gem-5-isoprene formed shorter but stable
nanotubes. The stability and length of such assemblies resulted from a complex interplay between the
solubility and diffusion coefficient of the bioconjugates and the presence of ethanol in the formulation
media, altering the interfacial tension of the nanoassemblies. Interestingly, while squalenoyl-
gemcitabine (Gem-SQ) structure differed from that of Gem-5-isoprene only by the position of two
methyl groups on the hydrophobic chain, this molecule self-assembled into spheres with inverse
hexagonal structure. This was explained by the difference in the rigidity of the squalene versus the
isoprene chains. In vitro studies on MiaPaCa-2 and B16F10 cell lines demonstrated that Gem-Sq

nanoparticles displayed higher cytotoxicity than Gem-5-isoprene nanotubes and this was correlated
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with a slower cell uptake over 4 hours of the nanotubes. Those results were in agreement with the

observations of Mitragotri and colleagues.[5,7]

4.3. Peptide-based conjugates

Inspired by the design of peptide amphiphiles, self-assembling peptide-drug conjugates, also
called drug amphiphiles represent a new class of prodrugs built from a hydrophobic drug linked to a
hydrophilic peptide through a cleavable linker. As a result, drug amphiphiles combine both the
advantages of peptide-based nanocarriers, like a high degree of functionality, biodegradability and
safety, and those of one-component nanomedicines, like an increased drug content in the 25-45 %

range (Table 4), and avoidance of the use of additional excipients.[151]

Similarly to peptide amphiphiles, drug amphiphiles easily self-assemble over hours after a
single solubilization in water at physiological pH, hence avoiding the use of organic solvents whose
residues can make the clinical development hazardous. However, the preparation of these
nanomedicines requires more time. The self-assembling mechanism of drug amphiphiles relies on the
n-1 stacking properties of the drug headgroups, such as CPT or Ketoprofene (Ket), which drive the
first steps of the self-assembly process by acting as anchors to initiate the building of the nanofibers
core. Afterwards, the intermolecular H-bond between the peptide molecules would allow the 3-sheet
formation and the unidirectional growth.[55,152] Ket-L-VEVE drug amphiphile was used as a model
to investigate this process in detail and to screen the external factors influencing the nanostructure,
with the aim to establish a kind of a practical guide to design prodrugs self-assembling into particles
with controlled morphologies. The pH of the nanofibers suspension was shown to modulate fibers
diameters by acting on the ionization state of the conjugate. On another hand, the addition of H-
binding inhibitor, such as urea, totally prevented the self-assembly. Of note, Ket-L-VEVE first
assembled into nanorods undergoing ageing-induced transition towards nanofibers and multi-layered
nanoribbons through end-to-end and fiber-to-fiber pathways. Twisting of the aggregates was a

consequence of both the lateral stacking between fibers and the chirality of amino acids (Fig. 7).[55]
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Fig. 7: The mechanism of Ket-L-VEVE self-assembly. Yellow represents the Ket moiety, red is for valine (V)
and green for glutamic acid (E). Reprinted with permission from [55].

Cheetham et al. developed a drug amphiphile with high drug content for cancer treatment by
using the B-sheet peptide VQIVYK, derived from the Tau protein, and conjugated to drug molecules
through a 4-(pyridin-2-yl-disulfanyl)butyrate (buSS) linker, sensitive to the intracellular reducing
agent glutathione (GSH). Conjugation with CPT led to CPT-buSS-Tau nanoaggregates with length
and shape depending on the number of drug molecules conjugated to the peptide. Conjugates with 1
and 2 CPT molecules (MCPT-buSS-Tau and dCPT-buSS-Tau, respectively) formed nanofibers but
dCPT-buSS-Tau displayed the most improved anticancer efficacy.[56] Starting from this conjugate,
further investigations included comparison of different GSH-sensitive linkers [153], different
hydrophilic moieties [137] or the use of a miktoarm star peptide, enabling the conjugation of different
drugs (CPT and PTX) to the peptide bioconjugate, in order to overcome multi-drug resistance.[57]
While all these molecular entities assembled into elongated shapes (nanofibers or nanotubes), the

presence of 3-sheet forming peptides, like Tau or Sup35, was mandatory to promote the formation of
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nanofibers. However, the shape of these molecular assemblies was not the key parameter dictating the
therapeutic efficacy, since surface chemistry and fast drug release were found to be much more

influential.[137]

Another approach consisted in the in situ self-assembly of nanocarriers triggered by specific
physiological parameters. As a proof of concept, Zhang et al. developed enzyme-responsive P18-
PLGVRGRGD conjugate made of purpurinl8 (P18) as the functional molecule (photosensitizer) with
n-1 stacking properties, PLGVRG as the enzyme-responsive sequence and RGD being the targeting
ligand. The idea was to allow the diffusion of the hydrophilic bioconjugate into cancer cells. The
linker peptide would then be cleaved by gelatinase, overexpressed in cancer cells. As a result, the drug
hydrophobicity would increase, allowing the self-assembly as nanofibers which were able to increase
the photoacoustic response for tumor detection, better than the controls not forming fibers. And an
increased anti-cancer efficacy was also observed, consecutive to the slow activation of the drug
release.[58] However, despite the promising results of this study, the authors of this review didn’t find

any further studies with a similar prodrug approach.

4.4, Supramolecular hydrogels

Under certain conditions, self-assembled drug-based conjugates can form supramolecular
hydrogels, i.e., three-dimensional networks of physically cross-linked nanofibers, displaying
viscoelasticity. Gelation occurs over hours and is usually induced by stimuli such as change in
temperature[139], charge screening by electrolyte addition [62—65,138,154] or pH modification [155],
enzymatic reaction etc.[155,156] The formulation of active substances into hydrogels allows their
release up to several days at specific sites, making these systems particularly interesting for local drug
delivery. So far, drug-based hydrogels have shown promising results in local cancer therapy and for

anti-inflammatory treatments.

One of the first reported examples of prodrug-based hydrogels relied on an enzyme-sensitive

drug amphiphile. In the early 2010’s, Gao et al. coupled PTX via a succinic acid (SA) linker to a
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peptide containing a phosphatase substrate sequence (NapFFKYp). The resulting PTX-SA-NapFFKYp
was capable to form a gel upon overnight incubation with phosphatase. The enzyme converted this
soluble precursor into a hydrogelator that self-assembled into nanofibers with a B-sheet-like structure.
The obtained formulation preserved the anticancer activity of PTX, thanks to the slow release of the

drug in physiological conditions without initial burst release (~ 3% in 24 h).[66]

Following the emergence of peptide amphiphiles (PAm), the Stupp group developed a
hydrogelator PAm, consisting of a hydrophobic tail attached to a peptide sequence including a p -sheet
forming sequence and charged residues (C16V2A2E?2). The B -sheet forming sequence promoted the
self-assembly of long nanofibers, while the addition of CaCl2 to screen electrostatic repulsion between
nanofibers induced gelation at PAm concentration as low as 1 wt.%. The anti-inflammatory drugs
nabumetone (Nb) [62] or dexamethasone (DEX) [154] were coupled to the end of the PAm molecule
through a labile hydrazine linkage. Mixtures of Nb-PAm or DEX-PAm and PAm were also able to
form nanofiber networks. Both drugs were found to be slowly released (~ 35% Nb released after 24
days and ~ 40% DEX released after 32 days) at physiological pH. The DEX hydrogel demonstrated
cytoprotective and anti-inflammatory action in vitro and reduced the localized acute inflammatory

response in mice.

Chakroun et al. have further investigated the mechanisms of release from hydrogels, using a
peptide-based PTX conjugate, namely PTX-buSS-GGVVVRGDR, involving a -sheet forming
sequence (VVV) and a cell-penetrating peptide (RGDR) coupled to PTX via a disulfylbutyrate linker
(buSS) and a spacer (GG). It was observed that the monomeric conjugate was released through the
network swelling and disruption at the interface between the hydrogel and PBS, followed by nanofiber
dissolution. Consequently, the release rate was found to depend on the network properties and on the
stability of the nanofibers in PBS. The conjugate design could allow for the fine-tuning of its linear
release rate. Decreasing the critical aggregation concentration (CAC) by adding an alkyl side chain (as
a consequence of higher hydrophobicity) resulted in a slower drug release, while increasing the CAC

by incorporating oppositely charged amino acids in the sequence favored an accelerated release (~ 1
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and 7% over 1 month, respectively). The presence of the cell-penetrating peptide RGDR improved the

tumor penetration and tumor growth inhibition in a U87 spheroid model.[157]

Inserting a peptide drug like tyroservatide (YSV) in the peptide sequence allowed further
application of the supramolecular hydrogel approach to multidrug cancer therapy.[65] For example,
the drug amphiphile CRB-FFE-YSV, obtained by coupling the small drug molecule chlorambucil
(CRB) to the peptide sequence, was able to form a hydrogel via a heating- cooling process. The gel
network conferred protection to the prodrug against enzymatic degradation, permitting high cellular
uptake of the peptide-drug-conjugate released from the hydrogel. Owing to the synergy between CRB
and YSV, the hydrogel displayed excellent antitumor activity in HepG2-tumor-bearing BALB/c nude
mice. It was suggested that the decent biocompatibility of the hydrogel combined with a sustained and
controllable drug release makes it interesting for local cancer treatment. Of course, this approach may
find a limitation in the inability to reach potential metastasis anterior to the beginning of the

treatment.[151]

Prodrugs based on SA and hydrophobic drugs capable of n-r stacking interactions (e.g.,
steroidal drugs) were also exploited to form hydrogels displaying a typical nanofiber structure. SA was
successfully conjugated to DEX for ocular anti-inflammatory treatments [63,138,139] and to PTX for
cancer therapy.[64] The low molecular weight of SA resulted in very impressive drug loadings, up to
almost 90 wt.% in the case of PTX-SA (Table 4). Supramolecular hydrogels of DEX-SA or PTX-SA
solubilized in PBS formed spontaneously after partial hydrolysis of the ester bond between the drug
and SA for 24h (6.5 and 8.5 %, respectively).[63,64] Alternatively, gelation of DEX-SA could be
triggered by the addition of divalent cations such as Ca?*, owing to ionic coordination interactions
between the divalent cations and the carboxylic acid groups.[138] Another drug for the management of
intraocular inflammations, triamcinolone acetonide (TA), was conjugated to a glucosamine moiety
(Glu) via a SA linkage.[139] Interestingly, TA-SA-Glu led to the formation in water of a
thermoreversible hydrogel exhibiting a gel-sol transition at about 83°C. All these hydrogels had a low
minimal gelation concentration, in the 0.25- 2 wt.% range, and exhibited an elastic behavior: their

storage moduli (G’) were greater than their loss moduli (G’”) over the entire angular frequency ranges
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investigated (0.1-10 or 0.1-100 rad.s-1). Increasing the hydrogelator concentration or the divalent
cation concentration conferred improved mechanical strength to the gels and slowed down drug
release. Furthermore, succinated prodrug hydrogelators formed thixotropic gels, becoming liquid
when a shear rate was applied and reverting rapidly to the gel state at rest. In addition to the sustained
and controlled release of the biologically active molecule, this approach is of particular interest for the
design of injectable formulations for local treatment, but also for ocular administration. Indeed, such
formulations could turn liquid when the patients blink and rapidly recover the gel state afterwards to
progressively deliver the anti-inflammatory drug. Therefore, the DEX-SA and TA-SA-Glu hydrogels,
exhibiting improved corneal retention and bioavailability with good intraocular biocompatibility,

could be promising ocular drug delivery systems for hydrophobic DEX.

5. Pure nanodrugs

The design of pure nanodrugs represents a relevant approach for the delivery of drugs with
self-aggregation properties and poor water solubility.[134] Based on these criteria, interest has been
directed towards CPT and its derivatives. CPT is an antineoplastic agent constituted of five rings, one
of which bearing a chiral center at position Cz, highly influencing the drug efficacy. However, CPT
displays several limitations, such as a high toxicity and the sensitivity of the lactone ring to hydrolysis,
turning rapidly after administration into the inactive carboxylate form.[158] To overcome those
restrictions, numerous CPT derivatives have been synthesized but only few of them displayed self-
assembling capabilities (Fig. 8): CPT itself [67,68,159,160], 10-hydroxy camptothecin (HCPT)
[47,69,70,105-107,160] and 7-ethyl-10-hydroxycamptohecin (SN-38) [71] bearing a hydroxyl
function in Cyo position to help stabilization in physiological medias [161], carboxylic camptothecin
(CPT-COOH) [160] and camptothecin-20(S)-glycinate (CPT-NH) [70] for which the conjugation in
the Cyo position was expected to stabilize the lactone rings and to confer sustained release properties

(Fig. 8).[162,163]
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Lactone form Carboxylate form

HCPT SN-38 CPT-COOH CPT-NH,

Fig. 8: CPT prodrugs. (a) Structure of CPT and its derivatives; (b). SEM image of CPT sample (3 x 10 mol L?)
at room temperature and schematic illustration of molecules arrangement in CPT helical nanoribbons, dashed
lines represent intermolecular H-bonds. Adapted with permission from [68].

CPT and analogues were found to self-assemble into aqueous media through a very easy
process: after the solubilization of the drug in a solvent (usually dimethyl sulfoxide) and the addition
of this solution to H,O (under stirring or sonication), the helical nanoribbons formed. The planarity of
CPT molecules combined to their n-r stacking and H-bonding properties likely favors the uniaxial
growth of the fibers, forming edge-to-edge J-type stacks. Right-handed helicity has been reported, as a
consequence of the presence of a chiral center in Cy position.[68,160] The stability of these
nanostructures for several days suggests that the self-assembling enables the protection of the lactone
ring. Nevertheless, Ma et al. took advantage of the sensitivity of this functional group to hydrolysis to

trigger the pH-induced reversible assembly of CPT into nanofibers: raising the pH of a suspension of
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CPT helical nanoribbons led to CPT solubilization, hence the disappearance of the nanostructures,
when decreasing the pH back to 5 allowed the reversible formation of nanoribbons.[68] Additionally,
the length of the CPT nanoribbons revealed to be tunable by adjusting the sonication time of the nano-
suspension: longest sonication durations produced shorter lengths but without the destruction of the
helical morphology. Interestingly, this observation allowed to maximize the therapeutic efficacy of
those nanostructures, as it was shown that comparatively to the longer nanoribbons (several pm), short
nanoribbons with ~ 1 um length displayed an improved uptake by 4T1 cells, a higher cytotoxicity and

a faster drug release.[159]

The self-assembly of CPT prodrugs was driven by the same stacking and H-bonding
properties than the original drug, however with a loss of the helical conformation. Noteworthy, unlike
CPT, the prodrug nanostructures revealed poor stability, as they started aggregating or sedimenting
within minutes or hours. To overcome this limitation, different strategies were adopted. For example,
the SN-38 CPT derivative was dimerized through various linkers (carbamate, ester or ether). However,
this modification made the drug less planar, thus hindering the unidirectional growth and favoring the

spherical morphology.[71]

Supramolecular elongated nanodrugs have been successfully used to encapsulate other small
molecules for multidrug therapy. Mitragotri’s group has proposed the first pure multidrug
nanomedicine without using PEG or any other stabilizer. The design was as follows: CPT nanorods
were coated with TTZ and loaded with DOX. Those three drugs were distributed into different cell
compartments (late endosomes, recycled in plasma membrane, or in nucleus for CPT, TTZ and DOX,
respectively), hence allowing cytoplasmic targeting and synergistic anticancer efficacy against BT-474
breast cancer cells.[67] More recently, combinations of a drug with a photosensitizer were also
proposed such as HCPT/chlorin e6 (Ce6) [69] or PTX/ di-iodinated borondipyrromethene [164] for
dual chemo-photodynamic therapy purposes. Such formulations revealed superior anticancer activity
comparatively to the corresponding monotherapies, allowing complete tumor growth inhibition in

vivo, while reducing side effects.
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6. Toxicity of elongated nanomedicines

As discussed in the above sections, one of the main features of elongated nanoparticles is
their long-circulating properties. As a consequence, it is legitimate to wonder about their possible

long-term toxicity after in vivo administration.

Among the available literature, cancer remains the most studied pathology. And anti-cancer
treatments are generally administered by multiple intravenous injections, the overall toxicity being
usually detected through body weight variations. Christian et al. demonstrated that A549 tumor-
bearing Nrc nude mice treated with PTX-loaded filomicelles at the maximum tolerated dose didn’t
reveal significant body weight difference over the 21-days of experiment, compared to other groups
treated with either PBS saline, free PTX or empty filomicelles, thus indicating the absence of impact
on the overall health.[10] Other studies demonstrating similar findings were obtained with other types
of carriers, such as HCPT-loaded PEG nanorods [165], CPT-loaded peptide amphiphiles [43], SQ-Dox
drug-lipid conjugate [136], Dox-peptide conjugate-based nanofibers[60] or MTX/HCPT/PTX or
icaritin and derivatives nanocrystals [102,166]. In addition, besides improved tumor accumulation,
elongated nanocarriers also tend to accumulate in the organs of the reticuloendothelial system
(RES).[60,102,106,136,165] Wen et al. used Ce6-loaded HCPT nanorods as a new photodynamic
therapy and histological examination of vital organ tissue (lung, heart, spleen, kidney and liver) didn’t
show any lesion for treated animals, even after laser irradiation, confirming the safety of those
nanocarriers.[69] More recently, tissue examination of HepG2 BALB/c mice treated with CRB-FFE-

YSV nanofiber-based hydrogel didn’t either reveal noticeable damage to major organs.[65]

By comparing studies dealing with carbon nanotubes (CNT) in vivo, Kinnear et al. have,
however, pointed out the dependence of the toxicity of nanomedicines on the administration route.
[167] While peritoneal instillation of long CNT in mice displayed granulomatous inflammation and
lesion similar to abestos-like pathology [168], Schipper et al. demonstrated that, upon intravenous

administration to nude mice, Peg-functionalized single-walled CNT persisted within liver and spleen
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macrophages over four months without significant toxicity.[169] Alternatively to intravenous
injection, Cinar et al. administered Dox-loaded peptide amphiphile nanofibers via single subcutaneous
injection to BALB/c mice grafted with 4T1 breast cancer tumor. Interestingly, they didn’t observe any
weight loss for nanofibers-treated animals, as opposed to a slight weight loss for free Dox and control
groups. Furthermore, tissue morphology of liver, kidney and spleen of treated animals were similar to
that of control untreated animals. Hence, no toxicity was attributable to the nanofibers.[132]
Treatments administered by single or repeated intra-tumoral injections [60,164], or by oral route [170]
didn’t display different toxicity patterns, too. To corroborate histological observations, Liu et al.
investigated potential hepatotoxicity. No significant change in serum levels of alanine
aminotransferase, serum aspartate aminotransferase (AST), creatine or blood urea nitrogen (BUN)
levels were evidenced between nanofibers-treated and untreated animal.[170] Altogether, these studies

didn’t show any toxicity of the elongated nanomedicine whatever the administration route.

Furthermore, elongated nanomedicine were successfully applied to the treatment of other
pathologies. For example, Dex-PAm was successfully employed as an anti-inflammatory
nanomedicine. Inflammation was triggered by the injection of polystyrene particles to hairless
SKHZ1/E mice. Single subcutaneous administration of Dex-PAm nanofibers resulted in an anti-
inflammatory action localized in the area of injection, without any visible fibrosis or inflammation in
the treated tissues. [154] Mansukhani et al. developed peptide amphiphile nanofibers based on
apolipoprotein Al-derived targeting peptide and liver X receptor agonist GW3965 (ApoAl-LXR PA)
to target atherosclerotic lesions. After repeated intravenous injections in LDLR-KO mice fed with high
fat diet, AST levels of animal treated were similar to PBS saline-treated group after 8-week treatment,

indicating no hepatotoxicity.[171]

Noteworthy is that if most of the published studies investigated the toxicity of self-assembled
cylindrical nanomedicines comparatively to free drugs, empty nanocarriers and PBS saline as controls,
very few tackle the issue of shape-related toxicity. This results from the difficulty to form spheres and
cylinders of similar composition. However, Discher’s group succeeded in preparing both spherical and

cylindrical polymeric PTX-loaded micelles of same composition.[9] Interestingly, the body weight
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loss of A549-tumor bearing Nrc nude mice remained comparable in animals treated with spherical or
cylindrical micelles. Consequently, no shape-dependent toxicity could be established.[10] In another
study, HeLa BALB/c mice were administered either with spherical or cylindrical MTX-PEG-CPT
nanoparticles. While animals treated with free drugs or spherical nanoparticles suffered of a significant
body weight loss, animals administered with saline solution or nanorods maintained their weight
throughout the 14-days experiment, confirming the safety of cylindrical nanocarriers.[107]
Nevertheless, conflicting results were found in other investigations. Indeed, PEGylated HCPT
nanorods displayed significant toxicity when compared to nanospheres of same composition after
intravenous administration to 4T1 tumor-bearing BALB/c mice. This was evidenced by an alteration
of the overall health of the treated animals (ie. durable weight loss and decreased activity) associated
to the formation of microganula in the liver. Significantly lower levels of white blood cells 7 days post
injection for animals treated with nanorods compared to the control group and animals treated with
nanospheres evidenced hematological toxicity. Additionally, low levels of BUN, albumin and total
protein up to 30 days post injection, were associated to long-term toxicity, thus confirming a shape-

induced toxicity of nanorods over nanospheres.[106]

If trends seem to emerge concerning the safety of cylindrical, self-assembled, biodegradable
nanomedicines compared to free drugs, independently of the administration route, the results are much
more contrasted in terms of shape-related toxicity. Indeed, the limited number of toxicity studies
currently available do not allow to clearly draw valid conclusions. This issues will need to raise more

attention in the future.

7. Conclusion

Important progresses have been realized over the last years in the comprehension of the
driving forces triggering the formation of cylindrical nanoparticles (filomicelles, worm-like or rod-like
nanoparticles, nanofibers etc...). The self-assembling mechanism and supramolecular organization are

key parameters to optimize the therapeutic efficacy of nanomedicines. Their understanding has
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allowed to formulate drug delivery devices using a wide range of biocompatible materials, from
simple lipids or diblock polymers to more complex materials functionalized with targeting ligands,
stimuli-responsive moieties and loading several drugs and/or dyes for theranostic applications. The
viscoelasticity of worm-like particles has also successfully been exploited to design hydrogels suitable

for local delivery.

All the described approaches have, however, both advantages and limitations, making
difficult the task of designing an ideal cylindrical nanocarrier. Bioconjugates and pure nanodrug
approaches are probably more promising than what we have called the physical encapsulation, in
terms of drug loading capacity and avoidance of burst release after administration. Indeed, using a
limited amount of carrier material may help to avoid potential toxicological issues. However, the
synthesis of some bioconjugates may require sophisticated chemistry, while the nanodrug design may
also necessitate the addition of PEG to be stable in biological environments. Among the various drug
conjugates, polymer-drug conjugates are probably among the easiest to be designed and
functionalized. Similarly to lipid-conjugates, their formulation is generally rapid but requires the use
of organic solvent that will need to be removed. Peptide-drug conjugates circumvent this drawback, as
they simply assemble after dispersion in water. But this process is time-consuming as it needs hours to
days to equilibrate. Furthermore, most of these strategies apply to a limited number of drug molecules,
as they often rely on nt-n stacking properties to form the elongated nanostructures. Nevertheless,
despite the difficulty to design the ideal cylindrical drug delivery system, all reports tackling the
comparison between spherical and cylindrical nanovectors agreed on the therapeutic benefits brought
by the latter in preclinical in vitro or in vivo experiments. However, none of the elongated
nanostructures discussed in this review have already reached a clinical stage of development, likely
because the reproducibility of the obtained elongated nanostructures (ie. length and thickness) still
remains unable to meet the usual pharmaceutical requirements. But the unique pre-clinical data of
these nanocarriers as detailed in the present review should encourage further investigations concerning

their scaling-up and reproducilility.
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