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Abstract

Polymer nanocarriers allow drug encapsulation leading to fragile molecule protection from early
degradation/metabolization, increased solubility of poorly soluble drugs and improved plasmatic
half-life. However, efficiently controlling the drug release from nanocarriers is still challenging.
Thermoresponsive polymers exhibiting either a lower critical solubility temperature (LCST) or an
upper critical solubility temperature (UCST) in aqueous medium may be the key to build spatially and
temporally controlled drug delivery systems. In this review, we provide an overview of LCST and
UCST polymers used as building blocks for thermoresponsive nanocarriers for biomedical
applications. Recent nanocarriers based on thermoresponsive polymer exhibiting unprecedented
features useful for biomedical applications are also discussed. While LCST nanocarriers have been
studied for over two decades, UCST nanocarriers have recently emerged and already show great
potential for effective thermoresponsive drug release.

Keywords: Polymers, Thermoresponsiveness, lower critical solubility temperature (LCST), upper
critical solubility temperature (UCST), nanocarriers
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Introduction

Nanomedicine is being regarded as a promising way to tackle the problems and limitations of both
drug delivery and diagnostics. Changing the pharmacokinetics and biodistribution of an active
pharmaceutical ingredient (API) through its incorporation into a nanocarrier, to prevent severe side
effects and even increase the efficacy of the original API, has been a major breakthrough[1-3].
Moreover, nanocarriers are able to penetrate into the tumors, allowing for specific imaging of the
diseased tissues and monitoring disease evolution[4]. These nanocarriers come in diverse forms
among which: liposomes[5], micelles[6], polymeric nanoparticles[7,8], albumin-based
formulations[9,10], or metal-containing nanoparticles[11-13]. While some of these formulations
have been approved for clinical use (e.g., Abraxane®, Doxil®[14], AmBisome®[15], Genexol PM[16]),
they are vastly outnumbered by the amount of nanocarriers still under investigation. The poor
bench-to-bedside translation stems from several limitations specific to nanocarriers , mainly the
limited gain in efficacy due to little nanoparticle accumulation in tumors[17,18] and the little
specificity for the targeted disease[19]. Until recently, nanoparticles were indeed thought to
preferentially accumulate in the tumor microenvironment because of the porosity of the surrounding
endothelial cells[20]. This phenomenon, also termed enhanced permeation and retention (EPR)
effect[21,22], is today somewhat controversial because not all tumors exhibit this feature and there
is a significant variability from one patient to another[23,24]. Another way to target a specific tissue
is to use stimulus-sensitive nanoscale systems[25] and apply the stimulus at the desired area and
time. Among the different stimuli, temperature is a stimulus of choice. Tissues can indeed withstand
moderate hyperthermia up to 43 °C for a prolonged period of time, without irreversible
consequences. This mild hyperthermia can be obtained by using microwaves[26], ultrasound[27],
radiofrequency[28], infrared illumination[29] or magnetic fluid hyperthermia[30]. These methods do
not require invasive surgery and are therefore simple to implement for the physician. Many
thermoresponsive nanocarriers have been investigated for the past 20 years, but only one of them is
currently under Phase lll clinical trial: ThermoDox® (Celsion)[31]. ThermoDox® is a thermoresponsive
liposomal formulation loaded by doxorubicin to treat primary liver cancer. The liposomes consist in a
mixture of regular lipids and lysolipids, enabling thermoresponsiveness between 40 °C and 45 °C.
While thermoresponsive liposomes are well represented in literature and are in a late development
stage, a considerable amount of work has been devoted to thermoresponsive polymers and their
application to medicine[32]. This review provides an insight on the inner workings of the
thermoresponsiveness of the described polymers from a physico-chemical point of view, the set of
parameters governing the thermoresponsiveness and how they can be tuned to reach a specific
temperature response, and an overview of the currently investigated nanocarriers used for therapy
and diagnostics. This review will cover some examples of lower critical solubility temperature (LCST)
and upper critical solubility temperature (UCST) polymers. As the literature on thermoresponsive
polymers is very rich and the amount of nanocarriers based on these polymers is important, we
focused on recent reports showcasing interesting uses of thermoresponsiveness as well as reporting
a clear effect in vitro on cells or in vivo in animal models. This review will likely stimulate the
development of innovative nanocarriers based on thermoresponsive polymers.



l. Thermoresponsive polymers

Thermoresponsiveness is the ability for a polymer in solution to drastically change at least one of its
physico-chemical properties depending on the temperature. Here we will consider
thermoresponsiveness as the polymer’s ability to be solubilized in aqueous medium, as organic
solvents are not suitable for use in a biological setting. These polymers are classified into two groups,
those exhibiting a lower critical solution temperature (LCST) and those exhibiting an upper critical
solution temperature (UCST). A LCST polymer is soluble below a critical temperature, and insoluble
above, whereas it is the opposite for a UCST polymer (Figure 1). In both cases, there is a balance
between polymer-polymer interactions and polymer-aqueous medium interactions. The temperature
of the solution determines whether a polymer chain is likely to make more interactions with another
polymer chain or with the surrounding medium. In the case where polymer-polymer interactions
prevail, the polymer chains tend to associate together and eventually phase out from the solution,
thus leading to a turbid suspension. For UCST polymers, the polymer chains are well solubilized
above the UCST. They maintain a high affinity with the surrounding medium and the solution is
transparent. An effective way of measuring the temperature at which the visual aspect of the
solution changes from turbid to transparent, also known as the cloud point, is to monitor the light
transmittance of the solution upon heating and cooling. This is usually achieved by using UV/VIS
spectrophotometry at a high wavelength (typically above 500 nm), to avoid any absorbance
phenomenon in the lower range of wavelengths, coupled to a Peltier system allowing the heating
and cooling of the samples at a desired rate (typically 1 °C/min). Light transmittance is at a maximum
when the solution is completely transparent, meaning that the polymer is fully soluble in the
aqueous medium, whereas it is at a minimum when the solution becomes turbid. The cloud point
depends on the polymer concentration, and the LCST (or UCST) of a polymer corresponds to a
specific cloud point obtained at the concentration where the binodal curve of the phase diagram
presents an extremum (Figure 1). In the literature the terms cloud point and LCST (or UCST) are often
confused, and as such, we will be using these abbreviations to characterize the critical temperature
of the polymers discussed in this review. In practical terms, the LCST (or UCST) can be defined as the
temperature from which the solution has a constant transmittance, either close to 0% (i.e., turbid,
for LCST polymers) or close to 100% (i.e., transparent, for UCST polymers) (Figure 2).
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Figure 1: Simplified phase diagrams of thermoresponsive polymers. Outside the region delimited by
the binodal curve, there is a homogeneous solution of solubilized polymer in aqueous solution (1
phase). Inside the region, the solution is not stable anymore and the polymer phases out (2 phases).

Inside the region delimited by the binodal curve, polymer chains interact with each other and start
aggregating. This uncontrolled aggregation can lead to the formation of nanoparticles. However, as
this region of the phase diagram depicts a thermodynamically unstable state of the system, this
aggregation can worsen and give microparticles or even visible aggregates. As long as no polymer
degradation occurs, the thermoresponsiveness is a reversible feature and these polymers still exhibit
a critical temperature even after several heating/cooling cycles. Nevertheless, a hysteresis may be
observed upon cooling and heating as the critical temperature can vary between the two
thermodynamic pathways.
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Figure 2: Model transmittance curves as a function of temperature for LCST (left) and UCST (right)
polymers. When transmittance is at 100%, the sample is completely transparent and there are no
apparent particles in solution. When transmittance is close to 0%, the sample appears turbid due to
the presence of particles. In this case, the depicted LCST corresponds to 42.5 °C, and the UCST 50 °C.

The development of new thermoresponsive polymers and new ways of functionalizing them have
been made possible by the development of advanced polymerization techniques. Among them,
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reversible deactivation radical polymerization (RDRP) techniques, including atom-transfer radical-
polymerization (ATRP)[33], reversible addition-fragmentation chain-transfer (RAFT)
polymerization[34], and nitroxide-mediated polymerization (NMP)[35], allow to prepare well-defined,
complex macromolecular architectures with low dispersity, high chain-end fidelity and a broad range
of different functionalization possibilities. Ring-opening polymerization (ROP)[36] also enables well-
defined polymers to be synthesized[37]. Given those modern polymerization techniques allow to
finely control the chain length of the polymers, the impact of this parameter on
thermoresponsiveness has been extensively studied. Overall, designing well-defined objects is
preferred when working on nanocarriers used for diagnostics or therapy.

This review will cover the different thermoresponsive polymers existing that can be used to
formulate nanoscale systems intended for drug delivery and/or diagnostic applications. A selection
of recent reports on thermoresponsive nanocarriers based on LCST and UCST polymers will be
presented.

Il LCST polymers
II.1. Understanding the LCST behavior through the example of poly(N-isopropylacrylamide)

Reports on polymers exhibiting a LCST behavior largely outnumber those on UCST polymers.
Historically, LCST polymer behaviors in solution were first described 50 years ago with what would
become the most studied LCST polymer, poly-N-isopropylacrylamide (PNIPAAmM)[38]. This pioneering
work shed light on the physics underlying the aqueous solution properties of PNIPAAm, and LCST
polymers in general. PNIPAAmM is a vinyl polymer with secondary amide pendant groups. The two
lone pairs of the oxygen atom and the lone pair of the nitrogen atom of the amide bond are
acceptors of hydrogen bonds, whereas the hydrogen covalently attached to the nitrogen atom is a
donor of hydrogen bonds. These features allow for both types of H-bonding interactions with water
(Figure 3). The energy of a hydrogen bond is governed by temperature. As temperature increases,
molecular agitation increases, and molecules do not remain in a stable position from one another,
weakening the hydrogen bonds. In this case, interaction of water molecules with the pendant groups
is weaker as temperature increases. A rise in temperature also increases the intensity of the
hydrophobic effect upon which two hydrophobic solutes aggregate. The secondary amide group of
PNIPAAmM contains an isopropyl alkyne moiety that is hydrophobic. Upon heating, the polymer chains
are no longer hydrated as well as they were at lower temperature, and the hydrophobic effect
becomes predominant, as such polymer-polymer interactions are more important than polymer-
water interactions, and polymer phases out from the solution.
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Figure 3: Top: Schematic representation of PNIPAAm chains (black) surrounded by water molecules
(blue) as a function of temperature. Bottom-right: chemical structure of PNIPAAm. The red inset
shows the possible hydrogen bonds between water molecules and polymer chains. Below the LCST,
polymer chains are fully hydrated and solubilized, whereas above the LCST, they interact strongly with
one another, the intrachain hydrophobic effect changes the conformation of the polymer chains to a
coil state, they aggregate, and phase separate from the water phase to yield a turbid suspension.

The LCST is the temperature at which this switch happens. This phenomenon is reversible, meaning
that when the temperature decreases, the hydrophilic-hydrophobic balance is restored towards
more hydrophilicity of the polymer and the polymer chains become soluble again. Nevertheless, the
temperature at which the polymer solubilizes again may be slightly different resulting in a hysteresis
of the system[39]. The case of PNIPAAm is interesting because of its unique phase diagram (Figure 4)
which exhibits a cloud point around 32 °C, over a wide range of polymer concentrations (from 5 to 30
wt.%).
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Figure 4: Phase diagram of PNIPAAm, from M. Heskins and J. E. Guillet[38].

While 32 °C as the LCST temperature can be interesting for designing a formulation that changes its
properties from room temperature to 37 °C (i.e., temperature of the human body), research groups
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have come up with a way to easily tune PNIPAAmM’s LCST to higher temperatures. The rationale
behind this approach is to obtain an LCST higher than 37 °C, to heat the diseased tissue at a mild
hyperthermia (43 °C) and trigger the drug release in a spatio-temporal fashion. This can be easily
achieved by copolymerizing NIPAAm with a hydrophilic monomer. Indeed, the hydrophilic monomer
will shift the hydrophilic / hydrophobic balance towards more hydrophilicity, leading to more
interactions with the surrounding water molecules. Consequently, the resulting copolymer needs to
be heated at a higher temperature to disrupt these newly-formed hydrogen bonds and let the
copolymer chains self-assemble. While the discovery of the physico-chemical properties of PNIPAAmM
dates back half a century, fundamental work is still carried out to fully understand the behavior of
PNIPAAm in aqueous solution. Recently, Bischofberger and Trappe have described previously unseen
characteristics of PNIPAAm in solution above its LCST[40]. They initially prepared microgels at a
temperature above the LCST which started, from a certain concentration, to gather together to form
a gel occupying the whole volume of the container. Surprisingly, this gel shrinked as temperature was
maintained above the LCST. The gel retained the shape of the container and the shrinkage was
irreversible. These new findings could be exploited by formulation research groups to finely tune
thermoresponsive nanocarriers.

Early uses of PNIPAAm as a material to build nanocarriers intended for drug delivery applications
were reported in the late 90s by the group of Teruo Okano. They synthesized block copolymer
micelles containing a PNIPAAm block and hydrophobic blocks of different nature such as polystyrene
or poly-L-lactide (PLA) to encapsulate doxorubicin. They studied the drug release as well as cell
viability at 37 and 42.5 °C and showed selective cytotoxicity on bovine aortic endothelial cells at
42.5 °C and not at 37 °C [41-43]. A lot of investigation has been carried out on PNIPAAmM and its
derivatives since the early works of Okano’s group, and many thermoresponsive nanocarriers have
shown great promise mainly for cancer treatment. Despite these academic successes, neither
attempts of translation to the clinics nor clinical trials on any polymeric thermoresponsive
nanocarriers have been reported, contrary to thermoresponsive liposomes such as ThermoDox®.

Table 1 summarizes the different polymers based on PNIPAAm used to build the thermoresponsive
nanocarriers further discussed in this review. The usual modifications to PNIPAAm include: (i)
copolymerization with a hydrophilic monomer, such as acrylamide, to increase the LCST beyond 32 °C;
(ii) addition of a hydrophobic block, such as polycaprolactone (PCL), to yield core-shell nanoparticles
and (iii) grafting to a natural biopolymer to confer LCST properties to it.

Apart from PNIPAAm, several other polymers exhibit LCST-type thermoresponsiveness in aqueous
media. Most of them leverage hydrogen bonding to achieve thermoresponsiveness, which is an
advantage for application in a biological setting, where biological fluids are made of complex
solutions containing different ions and at different pHs. Given hydrogen bonds are less susceptible to
be broken with increased ionic strength of the medium, these nanocarriers are indeed expected to
maintain their thermoresponsiveness over a wide range of ionic strengths and pHs.



Table 1: PNIPAAm-based copolymers used in the formulations of thermoresponsive nanocarriers.

Polymer

Synthesis technique

Modification objective

P(NIPAAM-co-AAm)

poly(N-isopropylacrylamide-co-acrylamide)

Free-radical copolymerization and crosslinking
using N,N’-methylenebisacrylamide

Hydrophilic comonomer to increase the LCST.

block— -

P(NIPAAM-co-AAm)-b-PBMA
P(NIPAAmM-co-AAm)-b-poly(n-butyl methacrylate)

Free-radical copolymerization to synthesize each
block separately and amide coupling to obtain the
block copolymer

Hydrophilic comonomer to increase LCST of the
thermoresponsive corona block and hydrophobic
block for the core of the self-assembled micelle.

P(NIPAAM-co-NHMAAm)-b-PCL
P(NIPAAmM-co-N-hydroxymethylacrylamide)-b-polycaprolactone

o

Free-radical copolymerization in presence of
mercaptoethanol as a chain transfer agent and
ROP of CL

Hydrophilic comonomer to increase LCST of the
thermoresponsive corona block and hydrophobic
biodegradable block for the core of the self-
assembled micelle.

O

PNIPAAM-b-PNVP
PNIPAAm-b-poly(N-vinylpyrrolidone)

Sequential RAFT polymerization of NIPAAM and
NVP to prepare the diblock copolymer

PNVP block used to make a film by mixing the
polymer with tannic acid.
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PNIPAAmM-b-PCL
poly(N-isopropylacrylamide)-b-polycaprolactone

Divergent ROP and ATRP to prepare the
corresponding diblock copolymer

Thermoresponsive corona block and
hydrophobic biodegradable block for the core of
the self-assembled micelle.

1: PNIPAAM-b-PNP
PNIPAAmM-b-poly(N-acryloyl-2-pyrrolidone)

2: PNIPAAmM-b-PMNP
PNIPAAmM-b-poly(N-acryloyl-5-methoxy-2-pyrrolidone)
3: PNIPAAm-b-PBNP
PNIPAAmM-b-poly(N-acryloyl-5-butoxy-2-pyrrolidone)

Sequential RAFT polymerization

Thermoresponsive corona block and diverse
hydrophobic blocks for the core of the self-
assembled micelle, to investigate the impact of
hydrophobicity on the drug encapsulation.

2
4

Folate |

n
P(FPA-co-NIPAAmM-co-AAm-co-ODA)
poly(folate-PEG-AAm-co-NIPAAmM-co-AAm-co-octadecylacrylate)

Free-radical copolymerization

Random quaterpolymer. ODA serves as a
hydrophobic monomer to form the core of the
micelles. NIPAAm and AAm tune the LCST above
32 °C and PEG-Folate is used for specific cell
targeting.

Q =N
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B-cyclodextrin-g-(PEG-v-PNIPAAM),
B-cyclodextrin-g-(PEG-v-PNIPAAm) star polymer

7

RAFT polymerization on a modified cyclodextrin

Cyclodextrin serves as a hydrophobic cavity to
create inclusion complex with a hydrophobic
drug.
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P(NIPAAM-co-DMAPAAmM)-DOPE
poly(NIPAAm-co-N,N’-dimethylaminopropylacrylamide)-1,2-
Dioleoyl-sn-glycero-3-phosphoethanolamine

polymerization in presence of
mercaptopropionic acid as chain transfer agent,
followed by amide coupling to DOPE

The DMAPAAmM cationic comonomer allows
electrostatic interaction with anionic siRNA. DOPE
is a cationic lipid used to formulate liposomes for
oligonucleotide transfection.

fDendrimer

dPG-PNIPAAmM
dendritic polyglycerol-PNIPAAM

Precipitation polymerization of
NIPAAmM on acrylate-terminated
dendritic polyglycerol

PNIPAAm serves as a thermoresponsive
crosslinker between the highly hydrophilic
dendrimers. This allows for encapsulation of
hydrophobic drugs and to control the drug
release.

Thermoresponsive
Domain PNIPAAM

Biodegradable
Domain PLLA

PLL-P(NIPAAmM-co-PLA)-PLL dendron[44]
poly-L-lysine -poly(NIPAAm-co-poly-L-lactide)-poly-L-lysine dendron

Free-radical copolymerization
followed by coupling to the
different blocks

Cationic dendrimers for cell adhesion and
drug delivery to the cell. The addition of the
thermoresponsive polymer allows for protein
loading without the wuse of solvents
potentially denaturating the protein, and
controlled drug release.
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HA-g-PNIPAAmM

Hyaluronic acid-g-poly(NIPAAmM)

OH

Commercially  available azide
terminated PNIPAAmM coupled by
click chemistry to alkyne-contain
ing HA

HA is a biomacromolecule that can be used to
treat osteoarthritis but needs to be injected
directly into the joint. It is very hydrophilic
and can diffuse easily. PNIPAAm serves as a
viscosity modulator.
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I1.2. Elastin-like polypeptides (ELP)

Elastin-like polypeptides (ELPs) were designed after their natural counterpart elastin and more
specifically its precursor tropoelastin. Tropoelastins are a set of 50 — 70 kDa water-soluble proteins
that are cross-linked together to form the insoluble elastin found in the extracellular matrix. Elastin,
as its name suggests, is an elastic material that recovers its initial shape after being subjected to a
mechanical stress. The different bioactive motifs of elastin are also responsible for cell adhesion,
proliferation or differentiation. The detailed study of the tropoelastins’ amino acid sequence
revealed repeated motifs among which the VPGXG pentapeptide, with X a guest residue being any
amino acid except proline. These ELPs present LCST behavior that can be tuned with the size of the
polypeptides and the nature of the guest residues. In the case of ELPs, the LCST is known as the
inverse transition temperature T, Extensive characterization work has been carried out by the
Chilkoti’s group, as they have come up with a way to simulate the properties of ELPs based on their
chemical design[45] (Figure 5).
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Figure 5: Left: Chemical structure of the pentapeptide Valine-Proline-Glycine-Alanine-Glycine [VPGAG]
that is repeated to obtain the elastin-like polypeptides, with alanine (in blue) being a guest residue
that can be changed to modulate the physico-chemical properties of the ELPs. Right: A 3-dimensional
plot of the predicted inverse transition temperature T, landscape for the alanine and valine
superfamily of ELPs at 25 uM in PBS (taken from McDaniel et al.)[45].

By mapping out the possible ELPs that can be synthesized, it is possible to choose a specific ELP
sequence that fits specific requirements in terms of T, and to use it as a building block for a drug
delivery system. Another advantage of ELPs relies on their synthesis. As they are long polypeptides,
conventional peptide synthesis would be too long and costly to yield ELPs in sufficient amount. A
better synthetic route consists in modifying bacterial DNA by using plasmids coding for the desired
ELP sequence and performing bacterial fermentation to get the desired proteins. The advantages of
this technique are numerous, among which: having extremely well-defined polypeptides (as opposed
to a polymer distribution with conventional polymerization techniques), possibility to have complex
functionalization through post-translation modifications, and, in comparison with chemical peptide
synthesis, ease of synthesis as only two steps are required (i.e., plasmid transfection into bacteria
followed by bacterial fermentation for production of the peptides). The synthesis is also mostly
environmentally friendly as no organic solvents are used and most reagents are natural. The major
drawback of this synthetic method however comes from the purification process that is more
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complex than a simple polymer precipitation. As formulation research groups traditionally work with
chemistry equipment, the facilities/equipment to synthesize ELPs are not always present. To
overcome this hurdle, the group of van Hest has synthesized a methacrylate derivative of the VPGVG
pentapeptide which was polymerized to obtain an elastin-based side-chain polymer by ATRP[46,47].
This strategy was further exemplified with the RAFT polymerization technique by Fernandez-Trillo et
al[48]. Nevertheless, the side chains possess a free carboxylic acid moiety that is sensitive to pH, thus
T, is pH-dependent unlike traditional ELPs.

ELPs have been used in a variety of different biomaterials: as depots and hydrogels to reduce
systemic toxicity and improve therapeutic efficacy[49], as nanocarriers for drug delivery purposes
and as drug-polypeptide conjugates[50]. In this review we will focus on a recent example of ELP used
as nanocarrier building block.

[1.3. Other frequently used LCST polymers
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Figure 6: Chemical structure of other LCST polymers used for nanocarrier fabrication. a: poly(ethylene
glycol) (PEG), b: poly(propylene glycol) (PPG), c: poly(glycidyl methyl ether-co-glycidyl ethyl ether)
(P(GME-co-GEE)), d: poly(oligoethylene glycol) methyl ether methacrylate (POEGMA), e: poly(N-
vinylcaprolactam) (PNVCL).

a.

Polyethylene glycol (PEG) and its derivatives are an important family of thermoresponsive polymers
used in the fabrication of nanocarriers. PEG was initially used to shield hydrophobic nanoparticles
from opsonization and to allow for a prolonged circulation time in the bloodstream[51]. In its linear
form (Figure 6 a.), PEG exhibits an LCST greater than 90 °C in water. The addition of salt in the
aqueous medium can result in a decrease of the LCST. For instance, the LCST can reach 35 °C in the
presence of 450 mM of K,S0,[52]. This is cumbersome, and no reports detail the use of linear PEG on
its own to build a nanocarrier. Nevertheless, when incorporated into a multi-block copolymer, linear
PEG can exhibit a more relevant LCST without additional salts. For instance, a methacrylate-bearing
pendant PEG (Figure 6 d.) was used to easily prepare a comb-like structure by radical polymerization.
PEG is linked to the polymer backbone through an ester bond that presents only relative stability in
biological fluids. The number of ethylene glycol repeating units (noted x in figure 6 d.) heavily
influences the LCST: LCST is 28, 50 and 90°C for x =2, 3 and 8-9, respectively[53,54]. In addition, the
LCST decreases as the molar mass increases. This can be attributed to the methyl substituted carbon
polymer backbone, which brings more hydrophobicity, thus resulting in a lower LCST. As for
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concentration, the phase diagram exhibits a flat plateau similar to that of PNIPAAm. These properties
are modified if the PEG comb is coupled to another hydrophobic or hydrophilic polymer block. By
choosing the number of repeating units and the molar mass, the desired LCST can easily be obtained.
Polymers having a structure close to PEG include poly(propylene glycol) (PPG) (Figure 6 b), which has
an extra methyl substitution group, and poly(glycidyl methyl ether-co-glycidyl ethyl ether) (P(GME-
co-GEE)) (Figure 6c¢). PPG is fully soluble in water when its M, is below 400 g/mol and exhibits useful
LCST from 400 g/mol up to 3000 g/mol on a concentration range that narrows down as M,
increases[55].

Poly(N-vinylcaprolactam) (PNVCL) (Figure 6e) is also used to some extent to prepare
thermoresponsive nanocarriers. The transition temperature is only slightly impacted by the molar
mass and the concentration, and LCST thus remains between 32 and 36 °C[56]. The ease of
preparation of the polymer and the constant value of the obtained LCST make it a great candidate for
facile thermoresponsive polymer synthesis[57].

For a more exhaustive list of non-ionic LCST polymers, the reader is invited to consult the excellent
review by Aseyev et al.[58].

[1.4. LCST-based nanocarriers
[1.4.1 Nanocarrier formulation techniques

Polymeric nanocarriers encapsulating drugs are mainly prepared in three different ways: emulsion-
solvent evaporation, nanoprecipitation (also termed solvent-displacement method), or direct
micellar self-assembly in water[59]. These methods require a polymer containing a hydrophobic
block, an organic solvent miscible (nanoprecipitation) or non-miscible (emulsion-solvent evaporation)
with water and the drug to be encapsulated. The drug can be either physically encapsulated or
chemically linked to the polymer chain to obtain a polymer prodrug. Upon formulation, the drug is
entrapped in the polymer matrix that form the core of the nanoparticles. In the case of physical
encapsulation, the drug can diffuse through the polymer matrix to reach the surface of the
nanoparticle and eventually be released from it. However, this natural release is characterized by fast,
uncontrolled “burst release” of a significant fraction of drugs only surface-adsorbed, followed by
slow release of drug from the nanoparticle core. In the case of chemical linkage, the drug-polymer
linker must be cleaved to release the parent drug from the nanocarrier. The general idea of having a
thermoresponsive block in the polymer matrix is meant to control and drastically accelerate the
release of the active ingredient by sharply changing the conformation of the polymer chains with
temperature. For LCST polymers, the polymer chains shrink upon heating thus pushing outwards the
drug from the nanocarrier, as seen on figure 7. This translates in either a decrease in size of the
nanocarriers if the particles are colloidally stable, or an increase in size if they start aggregating. The
obtained nanoparticles can be further functionalized to add a ligand for cell targeting purposes.
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Hydrophobic block i LCST block

Figure 7: Scheme of a thermoresponsive nanoparticle encapsulating a drug, formulated from a
diblock copolymer containing a hydrophobic block that serves as a scaffold, and a LCST block that
responds to temperature. Upon heating, the LCST block shrinks as it is no longer hydrated and
hydrophobic interactions prevail between the different polymer chains. As the polymer chains shrink,
the drug is ejected from the nanoparticle.

11.4.2 LCST nanocarriers

A selection of relatively recent nanocarriers using LCST polymers is presented here. The
characteristics of each system are summarized in the following tables. The first systems are based on
a simple encapsulation of drug into a diblock copolymer matrix, followed by: prodrugs, functionalized
nanocarriers, natural biomacromolecule modification to generate thermoresponsiveness and a
vaccine. These systems are solely based on polymeric material presenting LCST behavior,
nevertheless a selection of dual responsive nanocarriers for both pH and temperature is also
presented, as well as thermoresponsive nanoparticles encapsulating metallic constructs.

I1.4.2.a. LCST polymer-based nanocarriers for physical drug encapsulation

Table 2 summarizes the different nanocarriers exploiting LCST thermoresponsiveness for drug
delivery. In terms of polymer synthesis, the thermoresponsive block usually makes up for most of the
molar mass of the whole materials except in two cases: 725 g/mol for a total of 4,550 g/mol and
16,100 g/mol for a total of 35,800 g/mol. This shows that a long thermoresponsive polymer block is
not necessary to convey proper thermoresponsiveness. According to the different preparation
methods used, the formulations obtained primarily consist in micelles, nanogels and nanoparticles.
The difference in terms of definition is not always clear. Micelles should always exhibit a critical
micellar concentration (CMC) and are thermodynamically stable with polymer chains in the micelles
in equilibrium with the surrounding polymer chains in the medium at the CMC. As they are diluted
below the CMC, micelles disassemble into unimolecular amphiphiles. On the other hand, nanogels
and nanoparticles are not involved in any equilibrium state with the surrounding medium, meaning
that they are not modified upon dilution. The difference between nanogels and nanoparticles is the
higher hydration state for nanogels. As for the choice of the encapsulated molecules, they mainly
consist in cytotoxic drugs used in cancer treatment. Doxorubicin is a molecule of choice because of
its fluorescence properties enabling facile tracing and titration, and its wide use to treat many
different types of cancers (e.g., breast, lung, bladder, ovarian, stomach, bone sarcoma, Hodgkin’s
lymphoma, acute leukemia, etc.). However, doxorubicin must reach the cells’ nucleus to exert its
therapeutic activity by intercalation and inhibition of DNA biological processes such as replication or

15



transcription[60]. Docetaxel and paclitaxel are taxane derivatives which promote tubulin self-
assembly, thus blocking the cell’s division cycle[61]. These molecules are effective in the cytosol, and
do not need to reach the nucleus. Methotrexate is an antimetabolite also active in the cytosol[62].
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Table 2: Overview of the physico-chemical parameters of LCST nanocarriers with documented in vivo or in vitro results. M, total = M,, of the whole polymer; M,

thermo = M, of the thermoresponsive block; Drug Loading is the ratio between the mass of encapsulated drug and the total mass of the system.

M, total M, thermo. . Dru.g LCST . .
Ref. Polymer Nanocarrier Molecule | Loading o Size (nm) Stimulus purpose
(8/mol) (8/mol) o (°C)
(wt.%)
Stimulus to accumulate the nanohydrogels at the
P(NIPAAM-Co- targeted heated tissue of S180 tumor bearing mice.
[63] n.a. n.a. Nanogel Docetaxel 7.4 40 50 (r.t.) Water sack at 42 °C on tumor, heating during the whole
AAmM) s
treatment. 78% tumor growth inhibition compared to
41% free drug and 49% without hyperthermia.
P(NIPAAM-cO- Trigger drug release, in vitro LLC cells had less viability
[64] 10,200 7,500 Micelle Methotrexate 15 40 175 (r.t.) with drug loaded micelles and hyperthermia at 42 °C,
AAM)-b-PBMA .
than drug loaded micelles alone.
In vitro, drug release kinetics increased at 43 °C vs. 38 °C.
P(NIPAAM-co- . - On cells and in vivo, no hyperthermia was applied or
[65] NHMAAm)-b-PCL n-a. n-a. Micelle Doxorubicin 63 38 a7(rt) control at other temperature. No free drug control given
either.
No release at 20 °C (< 6%), release at 37 °C (PBNP 25%,
PMNP 30%, PNP 40%). MCF-7 cells were incubated at
PNIPAAmM-b-PBNP 14,000 26 41 52 (r.t.) 37 °C, then treated with the diverse micelles at 20 °C or
[66] PNIPAAmM-b-PMNP 13,000 8,400 Micelle Doxorubicin 24 38 67 (r.t.) 37 °C for 3 h before washing the wells with fresh
PNIPAAmM-b-PNP 12,000 20 32 120 (r.t.) medium and carrying on the experiment for another 48
h. At 20 °C, all micelles were less toxic than free Dox, at
37 °C they were equally toxic.
HepG2 cells were treated at 25 °C and 37 °C with Dox
PNIPAAmM-U-DPy 18,000 . . loaded micelles for 24 h. At 25 °C, no toxicity was seen,
(671 PNIPAAM-DAP 10,500 10,300 Micelle Doxorubicin 16 34 530 (r.t) whereas at 37 °C, the I1Csy was similar to that of free Dox
(respectively 1.42 pg/mL vs. 1.05 pg/mL).
376 (r.t.) Dox loaded nanogels had a lower ICsq than free Dox for
. . Aggregates and | small cell lung cancer cell lines H146 and H1688 when
[68] Cytosine-PPG 800 800 Nanogel Doxorubicin 24.8 3 78 particles incubated at 40 °C. At 25 °C the loaded nanogels did not
(43 °C) exhibit any cytotoxicity.
HepG2 and H460 (non-small lung cancer) cells having
developed resistance to paclitaxel were cultivated at
25 °C and 37 °C in the presence of the nanoparticles. Cell
B-cyclodextrin-g- . . 21(rt) viability V\./as lower f:)r the freoe drug than the
[69] (PEG-v-PNIPAAM)7 50,000 7 x7,140 Nanoparticle Paclitaxel 3 35 222 (37 °C) nanoparticles at 37 °C, at 25 °C they were comparable. In

vivo, with mice bearing HepG2 drug resistant tumor, the
nanoparticles completely inhibited tumor growth
compared with free PTX which showed no inhibition
(same growth for the saline control).
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Table 2 continued.

Mn total | Mn thermo. . Dru.g LCST . .
Ref. Polymer Nanocarrier Molecule Loading o Size (nm) Stimulus purpose
(g/mol) (g/mol) o (°C)
(wt. %)
dPG1 dPG1
dPG(-jL\ICLZ?Am Dexamethasone DX 6.8 dPG1 110 (r.t.) Body temperature serves as the trigger for the
(70] dPG-P(GME-co- na. n.a Nanogel (DX) TACO0.9 34 88 (37 °C) effective skin delivery of DX and TAC. Comprehensive
EGE) Tacrolimus dPG2 dPG2 dPG2 toxicity study. Both polymers display good results, no
(dPG2) (TAC) DX 5.8 29 133 (r.t.) efficacy displayed.
TAC2.5 113 (37 °C)
Monitoring uptake of nanoparticles in PC12 cells at
PLL-P(NIPAAmM-co- Mouse Nerve (efficienc 600 (25 °C) 25 °C and 37 °C. Up to a 7.5-fold increase in uptake at
[44] PLA)-b-PLA-PLL 4,550 725 Nanoparticle Growth Factor ¥ 31 R higher temperature. Cells treated for 3 days with the
dendron (NGF) at9) 150 (37°C) nanoparticles exhibited neurite growth. No free NGF
control is reported.
Cooling to release Dox from micelles in film. Cooling to
20 °C releases Dox, heating to 37 °C stops the release.
PNIPAAM-b- . N . 9.3 10 (r.t.) Taking the surrounding medium of the film after a
(71] PVPON 35,800 16,100 Micelles in film Doxorubicin (in film) 32 90 (34 °C) cooling cycle inhibits MCF-7 cell proliferation. Multiple
cycles allow control of drug release on demand from
the film which acts as a sponge.
Primary skin cells (keratinocytes and fibroblasts)
derived from normal human skin were first treated
with TNFa to induce skin inflammation. The
formulation was added on top of the skin and a
dPG1 . o o . -
dPG1 gradient of 32 °C to 37 °C was applied for 3 h to mimic
dPG1 Etanercept 35 . . .
[72] dPG2 n.a. n.a Nanogel (ETR) 10 dPG2 84 dPG2 the gradient upon application on a real patient. ETR
33 185 was found in the viable epiderms (below the stratum
corneum SC) for the thermoresponsive formulations,
unlike the free ETR in PBS. The carriers did not go past
the SC, the mechanism that allows a farther diffusion is
not yet fully elucidated.
Hela-Luc cells treated with the liposomes at 30 °C,
37 °Cand 40 °C. Lipofectamine (positive control)
worked equally at all temperatures, unmodified
[73] DI\I;I(A"\IPIZﬁrAnr;]—_[;gPE 6,200 5,500 Liposome Luc siRNA 5/1 (+/-) 37 1;17,85,(1(18t;)C) liposomes were less effective but same response at all

temperatures whereas the thermoresponsive
liposomes showed little silencing at 30 °C, and high
silencing (similar to lipofectamine) at 37 °C and 40 °C.
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Beyond standard chemotherapies, other pathologies such as inflammatory skin diseases are
investigated. For this type of diseases, the group of Calderdn has worked on specific drugs such as
dexamethasone and tacrolimus for topical administration. They pushed the concept even further by
encapsulating etanercept, a protein, and successfully delivered it to the viable epidermis of a mildly
barrier deficient skin, an unprecedented feature discussed further below. In terms of drug loading,
these thermoresponsive nanocarriers can encapsulate the same amounts of drug as traditional
polymeric nanocarriers with values between 1 and 26 wt.%. The LCST ranged from 31 °C, that is
higher than room temperature but lower than body temperature, to 41 °C, that is slightly higher than
body temperature and corresponds to mild hyperthermia.

Apart from the system reported by Gu’s group[63], all other nanocarriers have an increased drug
release kinetics at higher temperature than their LCST compared to the free drug release at a lower
temperature. The aim of the system designed by Gu’s group is to accumulate at the tumor site under
mild hyperthermia. Indeed, at temperature above the LCST, PNIPAAm chains become hydrophobic
and nanocarriers interact with one another to form larger aggregates. This physical targeting is
achieved by putting a heated water bag on top of the tumor.

The impact of the nature of the hydrophobic block on the physico-chemical properties of drug-
loaded nanocarriers has been systematically studied by Pietrangelo’s group. They synthesized a
PNIPAAmM block and used it as a basis to synthesize three different hydrophobic blocks of the same
molar mass with increasing levels of hydrophobicity: PNP, PMNP and PBNP (defined in Table 1)[66].
They showed that the more hydrophobic the block, the better the doxorubicin encapsulation and the
worse the drug release even at temperatures higher than the LCST. The LCST of the diblock
copolymer also increased with hydrophobicity for these kinds of polymers, an interesting parameter
that can be tuned for future systems. While this work is promising, the formulated unloaded micelles
exhibited toxicity at concentrations as low as 130 pg/mL, making it difficult to translate to the clinic
under the present form.

Working with a thermoresponsive polymer to form uncrosslinked, yet stable micelles is possible
[67][68]. To ensure that the thermoresponsive polymer chains interact strongly with one another
even below LCST, pendant or end groups exhibiting high hydrogen bonding affinities, similar to what
can be seen in DNA, were added. These moieties form strong hydrogen bonded dimers (Figure 8),
that provide anchors upon which the polymers interact to form stable nanogels. Upon heating, the
thermoresponsive polymers change their conformation and the nanogels shrink which results in
efficient drug release.
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Figure 8: Chemical representation of potential hydrogen bond dimers studied. Hydrogen bonds
represented in red, wavy bonds represent links to polymer, K, is the association constant. DAP:
diacylamido pyridine. U-DPy: N-(6-(3-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)propanamido)pyridin-
2-yl)Jundec-10-enamide. Cy: cytosine. Adapted from [67][68].

In the case of cytosine-PPG (Cy-PPG), an 800 g/mol thermoresponsive PPG end-capped with cytosine,
an impressive control of Dox release with temperature was obtained. The loaded nanogels showed
no toxicity at 25 °C on two cell lines but had a lower IC5, than free Dox at 40 °C, with a reduction of
up to 4 times the free drug’s I1Cs5 at 40 °C. These results highlight the ability of the thermoresponsive
carrier to improve the delivery of the drug to the cell’s nucleus and increase its efficacy in vitro.
Another example of enhanced therapeutic activity of the drug due to the thermoresponsive carrier
was also reported by modifying B-cyclodextrins with a V-shaped PEG-PNIPAAmM polymer [69]. The
resulting material was used to build inclusion complexes with hydrophobic drugs such as Dox or
paclitaxel. The encapsulation was made below the LCST of the system. Upon heating, PNIPAAmM
chains retract and the inclusion complexes interact with one another forming larger nanoparticles
(from 21 nm at room temperature to 220 nm at 37 °C). Surprisingly, these larger nanoparticles
circumvent the tumor’s multi drug resistance mechanism as shown by in vivo studies on mice-
bearing paclitaxel resistant tumors. In this case there is no need for additional heating to get the
desired effect, as the LCST is at 35 °C; that is close to the mice body temperature.
Thermoresponsiveness is used here to allow facile drug encapsulation. However, no experiment was
performed with a control non-thermoresponsive polymer to clearly establish the benefit of the
thermoresponsiveness. Nevertheless, the absence of tumor targeting by heating raises questions
regarding the safety of the formulation, as the whole body of the mouse is at a temperature higher
than the LCST of the polymer. First results of toxicity were reported by measuring the mice body
weight and histological studies, showing that paclitaxel-loaded nanocarriers were well-tolerated in
mice.

Moving forward from traditional small molecule encapsulation for cancer therapy, recent reports
showcase a clever use of thermoresponsiveness for diverse applications. As mentioned earlier,
Calderdn’s group has successfully encapsulated and delivered small molecules and proteins
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(etanercept, ETR) to the viable epidermis from a topical administration[70,72]. The system consisted
in thermoresponsive polymers, PNIPAAm or P(GEE-co-GME), crosslinked by dendritic polyglycerol
that form nanogels. The thermoresponsiveness was used to encapsulate ETR in the nanogels by
making them swell in a solution of ETR at 32 °C (below their LCST), without the use of organic solvent.
The release happened when the formulation was placed on reconstructed human skin and subjected
to a temperature gradient from 32 to 37 °C. The authors showed that the nanogels do not penetrate
the stratum corneum, whereas ETR manages to delve deeper into the viable epidermis. The
mechanism underlying this unique diffusion ability is not fully elucidated and no control (e.g.,
standard emulsion or cream used for topical drug delivery) was performed. Nevertheless, this
pioneering work could lead to further research in the topical administration of proteins. Another
example of drug loading without the use of organic solvent is provided by Kim et al.[44], where they
encapsulated mouse nerve growth factor in thermoresponsive dendrimers based on PNIPAAm, PLA
and poly-L-lysine. The advantage of the latter two polyester blocks is to provide biodegradability to
the system for easier excretion from the body, as only the PNIPAAm backbone will remain intact.
They showcased good neurite growth at 37 °C compared to 25 °C but provided no comparison with
free mouse nerve growth factor. While showing two different results at two different temperatures
is important, a change from 25 °C to 37 °C is not clinically relevant and they announced that further
research is carried out to develop a system with a LCST close to 42 °C.
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Figure 9: Schematic representation of a layer-by-layer film of thermoresponsive micelles loaded with
doxorubicin at temperature higher than the LCST, 37 °C and the response after cooling at 20 °C. The
inset shows the possible hydrogen bonding between tannic acid and the hydrophobic block PVPON.

Films containing thermoresponsive block copolymer micelles were built by the layer-by-layer
technique on top of silicon wafers[71]. The layers stick with one another thanks to a tannic acid
coating that provides additional hydrogen bonds between the different micelles. At a temperature
higher than the LCST, the micelles are in a compact state, whereas at a lower temperature, PNIPAAmM
hydration results in a swelling of the micelles and the release of the drug (Figure 9). They managed to
repeat drug loading / unloading cycles up to 15 times with the same film that retained its physical
integrity. This novel system combining a thermoresponsive nanocarrier with a layer-by-layer film
construction technique could be used for local on-demand treatment of cancer or other applications
such as wound healing.
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A study on thermoresponsive polymer-modified lipids to build thermoresponsive liposomes has also
been carried out [73]. To enable surface encapsulation of anionic luciferase siRNA, the authors
copolymerized NIPAAm with a cationic monomer DMAPAAm (see Table 1) before coupling the
copolymer to a lipid 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE). They formulated
liposomes by mixing the polymer-modified lipid with unmodified lipid and another cationic lipid. This
approach is different from the one used by Celsion for their ThermoDox® formulation as they used a
mixture of three different unmodified lipids to obtain low temperature sensitive liposomes (LTSL).
The underlying mechanisms of drug release are different as the LTSL do not use LCST properties to
allow the release of the drug. In this work, they also compared their liposomes with lipofectamine (a
positive control) and with PEGylated non-thermoresponsive liposomes. Changes in temperature did
not impact the controls’ size whereas thermoresponsive liposomes size increased from 105 to 150
nm.

[1.4.2.b. LCST polymer prodrug-based nanocarriers

Here, the thermoresponsive polymers used to build these systems are covalently linked to the drugs.
Chemical modification of a drug produces a prodrug that needs to be cleaved to allow the drug to be
released to recover its therapeutic activity. There are many advantages compared with traditional
physical encapsulation, such as no drug burst release from the system, and the ability to tune drug
loading by grafting the polymer with more and more active molecules. The number of reports using
the prodrug approach is considerably lower than for traditional physical encapsulation. This may be
due to the added difficulty of performing one or more chemical modifications to allow chemical
linkage between the thermoresponsive polymer and the drug. As presented in Table 3, oligoethylene
glycol dendrons were used as a scaffold to build Dox prodrugs[74]. Dox is linked through an amide
bond to the core of the dendrimer, yielding one Dox molecule per dendrimer. Additionally, this
dendrimer prodrug was also used to encapsulate free Dox to further increase the drug loading.
Favorable Dox/Dox interactions allow high physical drug loading of nearly 25 wt.%. They used the
formulation in vitro on HepG2 liver cancer cells at 37 °C without additional hyperthermia and showed
better inhibition with their nanocarrier than with free Dox. The proposed explanation is a
preferential endocytosis of the nanocarriers in comparison to passive free drug diffusion through the
cell's membrane. This result can be compared to those obtained for paclitaxel inclusion
complexes[69] and Cy-PPG encapsulating doxorubicin[68]. Well-designed thermoresponsive
formulations may be a key to tackle drug resistance mechanisms in tumor cells as tumor
temperatures are generally higher that of the rest of the human body.

Chilkoti’s group has reported a thermoresponsive doxorubicin ELP prodrug formulation that
consisted in grafting up to 8 Dox molecules on the side chain of a well-defined ELP [75]. The link
between Dox and ELP was an acid-labile hydrazine function. To properly release the drug from the
ELP, the prodrug must reach late endosomes where the pH is low enough to trigger drug release. The
study showed that the LCST of the formulated micelles remained constant over an ELP concentration
range of 2 uM to 100 uM. Heating induced aggregation of the micelles for preferential accumulation
at the tumor vasculature.
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Table 3: Overview of the physico-chemical parameters of thermoresponsive polymer prodrug based nanocarriers with documented in vivo or in vitro results. M,
total = M, of the whole polymer; M, thermo = M,, of the thermoresponsive block; Drug Loading is the ratio between the mass of encapsulated drug and the total
mass of the system.

Ref. | Polymer M, total | M, thermo. Nanocarrier | Molecule Drug Loading | LCST Size (nm) Stimulus purpose
(g/mol) (g/mol) (wt.%) (°C)
Oligoethylene 17.3 (w/w) Drug release much faster at 40 °C than at 37 °C in vitro.
(74] glycol 3.000 3.000 Nanoparticle Doxorubicin coupled to the 39 241 (r.t.) No use of thermoresponsiveness on HepG2 liver cancer cells.
dendrons ! ! dendrimer + 24.7 2800 (42 °C) | However, the Dox loaded nanoparticles had an ICs; of 8
entrapped ug/mL instead of 27 pug/mL for the free DOX.
Mice bearing murine C26 colon tumor. Heating using an in-
house water-bath heater where the tumor was submerged
27(rt) into. Heating for 1 hour shows enhanced uptake of both
ELP Micron non-thermoresponsive micelles and thermoresponsive
[75] [(AGVPG)9- 64,000 60,000 Micelle Doxorubicin 6.8 39 micelles: effect of hyperthermia. Heating 10 minutes every
(VGVPG)]16 aggregoates 20 minutes (overall 1 hour of heating) has an impact on
42 °C . .
accumulation: 2.6 fold increased uptake for
thermoresponsive micelles and only 1.6 fold increase for
non-reponsive micelles compared with unheated tumors.
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However, as seen on Figure 10, depending on the heating schedule applied, Dox encapsulated in
non-thermoresponsive nanocarriers could also accumulate at the same level as with
thermoresponsive nanocarriers. Mild hyperthermia indeed induced better permeation of epithelial
cells surrounding the tumor, which led to a double beneficial effect of combining mild hyperthermia
with chemotherapy[27]. The better accumulation of Dox in the tumor using schedule 2 might be due
to the unique thermoresponsive properties of the formulated prodrugs. The micelles are soluble
when injected, as they reach the heated tumor vasculature they aggregate to form micron-sized
particles and adhere to the vasculature. As hyperthermia is stopped after 10 minutes, the aggregates
solubilize, and diffuse inside the tumor due to a concentration gradient between the vasculature and
the tumor[76]. This process was repeated 6 times over the whole treatment schedule. Other reports
do not often go as far as studying different heating schedules when performing in vivo studies, yet
these are essential for successful translation to the clinic.
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Figure 10: Tumor biodistribution of a thermally responsive and a control ELP-Dox nanoparticle
formulation following two heating schedules. *p < 0.05. Taken from [75].

[1.4.2.c. Functionalized LCST nanocarriers for targeted drug delivery

While thermoresponsive nanocarriers allow physical targeting of the diseased site upon local mild
hyperthermia, it is interesting to add a targeting functionality based on ligand-receptor interactions
to further enhance the therapeutic efficacy of the nanocarrier. Cancer cells often overexpress specific
type of membrane receptors that interacts with specific ligands. The idea is to position such ligands
at the surface of the nanocarriers to enable biological targeting of cancer cells[77]. Figure 11 (left),
extracted from [78] depicts the use of biotin as a targeting ligand on a LCST nanocarrier.
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Figure 11: Left: Schematic representation of a LCST nanocarrier modified with biotin as a targeting
ligand. Blue lines: LCST blocks; black lines: hydrophobic blocks; red lines: linear PEG; green triangle:

biotin; orange: targeting receptor. Right: Light transmittance of the different micelles. Adapted from
[78].
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Table 4: Overview of the physico-chemical parameters of targeted LCST nanocarriers with documented in vivo or in vitro results. M, total = M, of the whole
polymer; M, thermo = M, of the thermoresponsive block; Drug Loading is the ratio between the mass of encapsulated drug and the total mass of the system.

Dru .
Mn total | Mn thermo. . .g LCST Size .
Ref. Polymer Nanocarrier | Molecule | Loading o Stimulus purpose
(g/mol) (g/mol) (°) | (nm)
(wt.%)
PNIPAAmM-b-PCL mixed . Fluorophore Higher cellular uptake in HepG2 cells at 42 °C than at 25 °C,
[78] with Biotin-PEG-b-PCL 26,000 14,000 Micelle Nile Red a1 210 1.67-fold increase.
Heating mice at S180 tumor site at 43 °C with PTX loaded
P(FPA-NIPA-co-AAm- . . thermoresponsive micelles. Tumor inhibition best with
7 .a. .a. Micell Pacl | .a. 42 .t
[79] co-ODA) n-a n-a icefle aclitaxe na 80(rt) micelles and hyperthermia (72.85%) compared to micelles
without hyperthermia (56.83%) and free drug (43.59%).
In vivo rats bearing C6 glioma tumors were treated with the
micelles. 1 h post injection, a warm water bath was put on
185 top of the tumor for 30 min. The folic acid coupled micelles
(rt) allowed for 84% tumor growth inhibition compared to 20%
[80] PE-PCL-b-PNVCL-FA 25,000 13,600 Micelle Doxorubicin 24.3 39 80 for free Dox and Dox micelles without the ligand. Free Dox
(45 °C) also exhibited systemic toxicity towards the rats as their

body weight decreased. Dissection of the tumors showed
there was a much greater accumulation of Dox in the tumors
compared with the micelles without ligand.
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In this work, micelles were made from a mixture of two different block copolymers: PNIPAAm-b-PCL,
and Biotin-PEG-b-PCL where the PEG chain is smaller than the PNIPAAm block. PCL composed the
core of the micelles whereas the PNIPAAm and Biotin-PEG blocks were positioned at the surface.
Given micelles were a 1:1 (mol:mol) mixture of thermoresponsive and amphiphilic block copolymers,
the system exhibited a less pronounced LCST by light transmittance (Figure 11, right). The ligand is
shielded at temperature below LCST, while at higher temperature, the PNIPAAm block retracts and
reveals the biotin moieties. By specifically heating the diseased cells, there is therefore less risk that
the micelles can interact with healthy cells presenting the receptor. In their work, the authors
encapsulated a fluorophore as a proof-of-concept and measured cell internalization with or without
hyperthermia. Folic acid was also used as a targeting moiety in similar nanocarriers[79]. It was used
both for diagnostic and therapy by allowing better fluorophore / drug delivery to the tumor thanks to
the targeting property of the formulated micelles. In Figure 12, the encapsulation of a cypate
fluorophore inside the micelles allowed imaging of the tumor without the need for heating, showing
that the ligand was always available for cell targeting. Nevertheless, to make sure that the micelles
did not accumulate in healthy tissue, they performed a folic acid receptor blockade by injecting free
folic acid prior to administration of the targeting micelles on mice bearing two different types of
tumors. Once the micelles were administrated, they heated one of the two tumors and witnessed
preferential accumulation at the heated tumor (Figure 12, right).
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Figure 12: Left, in vivo imaging of a mouse bearing an MDA-MB-231 tumor after injection of a cypate
loaded thermoresponsive micelle without hyperthermia. Right: folate blockade experiment on mice
bearing two tumors (fossa), injection of free folic acid to block the receptors followed by
administration of the cypate loaded thermoresponsive micelles and heating of only one fossa. From
[79].

These imaging results were followed by a therapeutic study successfully showing that
thermoresponsive paclitaxel-loaded micelles administered to mice with hyperthermia provided the
best results in terms of tumor inhibition. The use of folic acid as a targeting ligand gave good in vivo
results on C6 glioma tumor-bearing rats [80]. However, the in vivo study was performed without
external heating. In vitro, the 1C5, of Dox-loaded micelles with folic acid targeting was lower than that
of free Dox, showcasing once again a better cellular uptake of Dox from the thermoresponsive
micelles. The effect of hyperthermia was only studied for drug release and not in vivo or in vitro,
which makes the use a thermoresponsive polymer questionable. In terms of structure, they
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compared two LCST polymers: PNIPAAmM and poly(N-vinylcaprolactam) (PNVCL) and demonstrated
the superiority of the PNVCL based block in terms of thermoresponsiveness.

[1.4.2.d. Thermoresponsive nanocarriers based on modified natural biomacromolecules

The idea behind these systems is to use commercially available natural biomacromolecules as a
scaffold to build more biocompatible and biodegradable thermoresponsive nanocarriers The three
following reports are based on three different biomacromolecules: (i) fibrinogen, a 340 kDa
glycoprotein found in vertebrates that is converted to fibrin by thrombin to trigger blood clotting in
case of wound; (ii) chitosan, a variable sized linear polysaccharide containing some N-acetylated units,
derived from chitin found in the shell of seafood such as shrimps and (iii) hyaluronic acid, a
glycosaminoglycan found throughout the whole body as part of the extracellular matrix. In Figure 13
is presented the different modifications of these biomacromolecules.
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Figure 13: Schematic representations of the modified natural biomacromolecules presented in this
review. Top: fibrinogen grafted with PNVCL. Bottom-left: chitosan and deoxycholic acid modified
hydroxybutyl chitosan. Bottom-right: hyaluronic acid grafted with PNIPAAm through a small
oligoethylene glycol linker. Adapted from [81-83].

PNVCL was synthesized by the RAFT polymerization technique from a chain transfer agent bearing a
free carboxylic acid group that was further used for coupling to free amines from fibrinogen’s lysine
moieties[84]. Fibrinogen was selected not only as a natural biomacromolecule scaffold but also as a
targeting ligand, because it can interact with asB, integrin receptors over expressed by several types
of cancer cells (e.g., breast, colon, ovarian, lung, glioma, and melanoma[85]). PNVCL has a LCST of
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32 °C, but when linked to hydrophilic fibrinogen, the resulting LCST varies from 35 up to 54 °C as the
amount of grafted PNVCL decreases.
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Table 5: Overview of the physico-chemical parameters of LCST nanocarriers based on modified natural biomacromolecules with documented in vivo or in vitro

results. M, total = M,, of the whole polymer; M,, thermo = M,, of the thermoresponsive block; Drug Loading is the ratio between the mass of encapsulated drug and

the total mass of the system. 5-FU: 5-fluorouracil.

Dru .
Mn total | Mn thermo. . .g LCST Size .
Ref. Polymer Nanocarrier | Molecule | Loading o Stimulus purpose
(8/mol) (g/mol) o (°) | (nm)
(wt.%)
L929 fibroblasts and MCF-7 breast cancer cells were
>-FU and 10 Meg incubated with the loaded nanogels. At temperature above
. 5 .
(841 fib-g-PNVCL 3.4x10 n-a Nanogel M(e'\g/leest)rol 16.6 5-FU 35 160 LCST, there was less cell viability for the MCF-7 cells whereas
g L929 fibroblasts viability remained stable.
141 Nanoparticles loaded with curcumin reduced colon
Deoxycholate- 13 5 . . (r.t.) colorectal cancer cells Caco-2 viability nearly 2-fold with
[82] chitosan-hydroxybutyl 1.05x10 1.05x10 Nanoparticle Curcumin 10 40 30 hyperthermia at 43 °C compared to without hyperthermia at
(43°C) | 37°C.
The body temperature serves as a trigger to aggregate the
Hvaluronic not 240 (at HA conjugates into nanoparticles and slow down the
[83] HA-PNIPAAmM 1.86 x 10° 15,000 Nanoparticle ¥ . . 32 R diffusion of HA. Residence time was superior to 21 days for
acid applicable 37°Q)

the HA conjugates whereas regular HA was completely
cleared after the same amount of time.

Table 6: Overview of the physico-chemical parameters of a LCST nanocarrier-based vaccine. M, total = M, of the whole polymer; M, thermo = M, of the

thermoresponsive block; Drug Loading is the ratio between the mass of encapsulated drug and the total mass of the system.

Dru .
Mn total | Mn thermo. . 'g LCST Size .
Ref. Polymer Nanocarrier | Molecule | Loading o Stimulus purpose
(g/mol) (g/mol) o (°Q) | (nm)
(wt.%)
Antigen interacts with a coil peptide grafted onto the
hydrophilic block of the polymer. The antigen serves as a
P(HPMA-co-PgMA)-b- few nm nucleus for particle aggregation above the transition
P(DEGMA) TLRa (SM (rt) temperature of 33 °C, at body temperature. The report
[86] PgMA modified to 16,800 7,600 Nanoparticle 20x7/8a) 3 mol.% 33 260'0 shows that particle presentation of both the TLRa and the
incorporate a coil (37 °C) antigen at the same time stimulates immunity. The

peptide

thermoresponsiveness allows for keeping the formulation as
a clear solution in storage and having in situ particle
formation upon administration.
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This result shows that a certain amount of thermoresponsive polymer must be grafted to fully
transfer its thermoresponsive properties. The nanogel structure was obtained by cross-linking the
modified proteins with CaCl,. Two drugs for the treatment of breast cancer were encapsulated in
such a system: megestrol acetate, a hormone analogue to provide hormonal therapy and 5-
fluorouracil (5-FU) for traditional cytotoxic therapy.

Thermoresponsiveness was also conferred by achieving modification of chitosan with a small
molecule [82]. The underlying mechanism of the LCST property stems from the structural similarity
between the repeating hydroxybutyl moiety and PEG (see section 1I.3). To finely tune the LCST,
deoxycholic acid (DA) was added as a hydrophobic pendant group, and a lower LCST was obtained as
the amount of grafted DA was increased. The nanoparticle size decreased with the additional grafting
of DA: from 180 nm at 2.5% grafting down to 105 nm at 5.8% grafting. Chitosan is a cationic polymer
at pH 7.4, and cationic polymers can easily interact with anionic cell membranes and exhibit
toxicity[87]. Despite the positive surface charge, unloaded nanocarriers did not reduce cellular
viability below 80% up to 500 ug/mL. In this study the authors encapsulated curcumin, a natural
compound notorious for being difficult to formulate due to its chemical instability: it has a half-life of
10 min in PBS at 37 °C., but leading to very significant in vitro cytotoxicity against cancer cells[88,89].
The study confirmed this activity on colorectal cancer Caco-2 cells when using a thermoresponsive
nanocarrier and hyperthermia.

In the case of osteoarthritis, hyaluronic acid (HA) content decreases in joints resulting in less
protective cartilage. Bone is exposed, and chronic inflammation occurs locally. Intra-arterial
injections of exogenous HA can be used to relieve the pain, but HA degrades rapidly therefore the
patient needs to be injected frequently for a long-term effect. A potential solution proposed by
Allémann’s group was to synthesize thermoresponsive HA so that at body temperature (above the
LCST), it formed nanoparticles to protect HA from degradation and could ultimately lead to less
frequent injections to the patient[83]. While PNIPAAm grafted with HA systems have already been
described, they were rapidly degraded and excreted in vivo. This study revealed the importance of
having the PEG linker between HA and the PNIPAAm chains to readily obtain nanoparticles at body
temperature and protect HA from early degradation. As shown in Figure 14, the modified HA did not
diffuse as far from the injection site as regular HA did, which means a higher residence time and thus
a lesser need to inject a consecutive HA dose. Dexamethasone, an anti-inflammatory drug used to
treat several immune diseases, was encapsulated and its release from the nanoparticles was
controlled with temperature. It would be a significant improvement for osteoarthritis therapy if it
could be given in conjunction with a long-lasting HA.
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HA Nano 1

INTRA-ARTICULAR INJECTION

Figure 14: In vivo imaging of mice intra-articulately injected with modified hyaluronic acid (HA Nano 1)
and regular HA. The thermoresponsive HA stays in the joint zone, while regular HA diffuses farther
from the articulation, resulting in a worse protection. Taken from [83].

11.4.2.e. LCST nanocarriers for vaccination
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Figure 15: Cartoon schematic of a temperature-responsive polymer particle (TRPP) modified with a
coil peptide that forms heterodimers with a recombinant HIV Gag-coil fusion protein to form TRPP-
7/8a-(CC)-Gag. Heterodimerization occurs at room temperature and particle formation results at
temperatures greater than 33 °C. TLR-7/8a: Toll Like Receptor 7 and 8 agonist, small molecule.
Adapted from [86].

Lynn et al. reported a study on the in vivo immune response after administration of a
nanoparticulate formulation of a toll receptor like agonist (TLRa)[86]. They worked on a small
molecule agonist of both TLR-7 and TLR-8, named SM 20x7/8a, as it has shown to activate major
immune response pathways. Several agonists were first coupled to a non-thermoresponsive polymer
chain, forming an agonist prodrug, which was in turn formulated into large nanoparticles (around
600 nm). This TLRa prodrug showed great immune response in comparison with free agonist, as
there was a selective uptake in the lymph of the nanoparticles where they eventually reached the
lymph node for maximum exposure to immune cells. While this first nanoparticle formulation
exhibited good immune response, the authors pointed out that the nanoparticle formulation may
degrade over time in storage and sought to employ a LCST polymer to circumvent potential
nanoparticle degradation. Indeed, at temperature below the polymer’s LCST (33 °C), the prodrug was
soluble in water without forming nanoparticles that could degrade. Upon subcutaneous injection, the
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local temperature is above the LCST, forcing the prodrug to form aggregates in situ. As the injection
was subcutaneous, the prodrug stayed locally concentrated long enough for the
thermoresponsiveness to have its effect. The employed LCST block consisted in poly[di(ethylene
glycol) methyl ether methacrylate] (PDEGMA), a comb-like PEG derivative. Tuning of the LCST was
possible by varying the amount of grafted SM 20x7/8a, a hydrophobic molecule. To exert maximum
immune response, they managed to co-deliver an antigen with the agonist by exploiting coil-coil
interaction between a modified antigen and a peptide modified prodrug (Figure 15).
Thermoresponsiveness here addresses the important issue of formulation degradation/stability and
allows in situ vaccine nanoparticulate formation.

[1.4.2.f. LCST and pH responsive nanocarriers for dual-responsive drug delivery

The aim of having dual-responsive systems for drug delivery is to leverage an external stimulus to
target a specific site for nanocarrier accumulation, and to benefit from an endogenous stimulus for
more efficient drug delivery[90,91]. As demonstrated in the reports of section I.4.2.a., LCST-based
nanocarriers can accumulate locally where hyperthermia is applied. Once the nanoparticles have
been taken up by cells, they are located in endosomes where the pH gradually becomes more acidic,
down to pH 6.5 in what is known as a late endosome. Eventually late endosomes can fuse with
lysosomes leading to a further decrease of the pH down to pH 5[92]. For the drug to be active, it
must exit the endosome and reach its target, either the cytosol (albendazole in Table 7) or the cell’s
nucleus (Dox). The idea of using a pH-responsive polymer is thus to allow faster degradation of the
nanoparticle structure inside the acidic endosome and promote endosomal escape of the drug for a
more efficient drug delivery[93]. The rationale in combining both temperature and pH-responsive
materials to build a drug delivery nanocarrier is to enhance the ability of the nanocarrier to
accumulate at the desired site and to efficiently release the drug when the pH conditions allow it, for
improved efficiency of the drug delivery system.

Except for the system described by Qin et al.[94], all the reported systems in Table 7 employ a pH-
responsive polymer block linked to the thermoresponsive one. Loh et al. opted for poly[(R)-3-
hydroxybutyrate] (PHB), a hydrophobic polyester that degrades into D-3-hydroxybutyrate, a
component of human blood[95], whereas Hong et al. reported a nanocarrier made from a
poly(histidine) (PHis) block[96]. Histidine is a natural occurring amino acid with a pKa around 6, due
to the protonation state of the nitrogen in the imidazole ring. Poly(methacrylic acid) (PMAA) is easy
to synthesize and responds to pH due to its several free carboxylic acid groups[97]. In comparison
with the previous two polymers, PMAA is not biodegradable. Another example of a non-
biodegradable pH-responsive polymer used in conjunction with a LCST polymer block is poly[2-
(diisopropylamino)ethylmethacrylate] (PDPA)[98] whose tertiary amines can be protonated at
slightly acidic pH. The work by Qin et al. put forward the in-situ formation of Schiff base bonds
between the primary amine groups of chitosan and the ketone groups of Dox[94]. Their complex
system integrated chitosan-coated carbon nanotubes encapsulated with Dox in a cross-linked
PNIPAAmM matrix, as seen in Figure 16. They managed to encapsulate a very high amount of Dox (ca. >
40 wt.%), which is rarely seen for traditional drug-loaded nanoparticulate systems. The purpose was
to use near infrared (NIR) illumination on carbon nanotubes that in turn transformed this energy into
heat for local hyperthermia. The Schiff base bonds between Dox and chitosan were cleaved inside
late endosomes for better drug release. In comparison with the other presented reports, they used a
heating technique that could be easily used in a clinical setting.
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As for the work by Khine et al., a pH temperature dual responsive formulation of albendazole, an
anthelmintic drug used to treat parasitic infections, was studied. It has been extensively reported
that albendazole can be used to treat cancer but because of its very low water-solubility, designing a
suitable formulation still remains challenging[99]. By tuning the amount of MAA units in the
copolymer, the burst release was limited, and pH response of the system was finely tuned. Indeed,
with 12% MAA content in the copolymer, it took 10 hours to get 50% of the drug released, whereas
with no MAA it took less than an hour to reach the same release. The copolymer’s LCST at pH 7 was
measured at 50 °C, but the copolymer readily precipitated at pH 5 allowing for efficient drug release
in the late endosomes.
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Table 7: Overview of the physico-chemical parameters of temperature and pH dual-responsive nanocarriers with documented in vivo or in vitro results. M, total =
M, of the whole polymer; M, thermo = M,, of the thermoresponsive block; Drug Loading is the ratio between the mass of encapsulated drug and the total mass of

the system.
Mn Mn
Drug LCS
Ref total thermo . . . .
Polymer (g/mol Nanocarrier Molecule | Loading T Size (nm) Stimulus purpose
) (wt.%) | (°C)
) (8/mol)
Bimodal distribution at Encapsulated drug has IC5, 58 times higher than free Dox on
PDMAEMA- 10 to 20 nm and 500 to Hela cells. With hypothermia to 20 °C, the IC5q is only 3
[95] PHB- 6,320 4,200 Micelle Doxorubicin 31 36.2 600 nm (20 °C) times higher, increased efficacy. However, a control with
PDMAEMA Micron aggregates pluronic Dox loaded micelles shows equivalent response to
(40 °C) except at pH 2 temperature.
PHis-PLGA- 79 (rt) Thermoresponsiveness is not exploited in the studies
[96] PEG-PLGA- 8,215 2,000 Micelle Doxorubicin 104 45 30 (50' ".C) conducted on MCF-7 cells, but the micelles were more
PHis cytotoxic at lower pH.
PMMA-b- n.a. Lower pH in the endosomes also lowers the LCST resulting
[97] P(MAA-co- 15,600 7,150 Micelle Albendazole (69 50 92 (r.t)) in a collapse of the micelles and the proper release of the
DEGMA) efficiency) drugs inside the A2780 ovarian cancer cells.
PNIPAAM
on chitosan
adsorbed . . .
NIR used to heat the desired tissue. Hela cervical cancer
carbon .
nanotubes 240 (rt) cells were more viable when exposed to Dox loaded
[94] n.a. n.a. Nanoparticle Doxorubicin 43 38 - nanoparticles than with free Dox. With NIR irradiation, cell
(PEG- 100 (39 °C) . . .
. inhibition of the nanoparticles was higher than that of free
diacrylate
Dox.
as
crosslinkers
)
pH 7.4
50 (r.t.) . . .
PDPA-b- Micron ageregates Hela cells were incubated with Dox loaded micelles for 2 h
[98] P(NIPAAmM- 17,000 11,700 Micelle Doxorubicin 3.8 39 (42g°gc) g at 37 °Cor 42 °C. At 42 °C cell viability was reduced 3-fold
-D °C.
co-DMAAmM) oH 5.4 compared to 37 °C
9 (r.t.and 42 °C)
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Figure 16: Schematic representation of a NIR- and pH-responsive nanoparticles as described by Chai
et al.[94].

The impact of pH on the thermoresponsiveness of the LCST block was further investigated (Figure 17).
At a regular pH of 7.4, the LCST was at 39 °C, which allowed micelle aggregation with mild
hyperthermia at the tumor site. At acidic pH 5.4, the LCST shifted to 50 °C, allowing the copolymer
chains to fully solubilize and release the encapsulated Dox. Cytotoxicity tests with a copolymer
having a hydrophobic block instead of the thermoresponsive block did not give better results upon
hyperthermia. Therefore, it appears the pH sensitivity was here mandatory for an efficient drug
delivery.
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Figure 17: Left: Schematic representation of thermoresponsive micelle endocytosis upon heating

(thunder) to induce micellar aggregation, followed by micelle disruption at acidic pH in late
endosomes. Right: Transmittance curves as a function of temperature and pH of the dual responsive
micelles. Adapted from [98].

I1.4.2.g. LCST and metal-based nanocarriers for drug delivery

Metal core nanoparticles made of gold, iron, or copper are currently being developed for their
magnetic (iron) or optical properties (gold), as well as a scaffold for grafting ligands and performing
biological studies (gold nanoparticles)[100]. In the case of iron nanoparticles, these can accomplish
two important actions: magnetic guidance towards the diseased tissue by physically guiding the
suspension[101,102] and local hyperthermia by applying a specific alternating magnetic
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field[103,104]. This type of nanocarrier has been shown to be relatively biocompatible[105]. Usually
these nanoparticles are in the 10 nm size range and cannot encapsulate a drug without surface
modification. Gold nanoparticles are used as their surface can be easily modified to attach ligands
and study the nanoparticle’s fate once taken up by a cell.

The work by Deng et al. focused on Mn and Zn doped ferrite (MZF) magnetic nanoparticles co-
encapsulated with Dox inside a LCST copolymer matrix[106]. They used a diblock copolymer with a
PCL biodegradable hydrophobic block and a poly(2-(2-methoxyethoxy)ethyl methacrylate-co-
oligo(ethylene glycol)methacrylate) (P(MEO,MA-co-OEGMA)) thermoresponsive block, based on PEG
derivatives. As seen in Figure 18, they managed to formulate 200 nm micelles encapsulating both
MZF and Dox. The authors tested their system with regular hyperthermia and magnetically induced
hyperthermia through alternating magnetic field (AMF). The results showed an increased response
with hyperthermia and even better response with the AMF stimulus. MZF nanoparticles were thus
able to enhance the release of the drug and its therapeutic effect.
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Figure 18: Left: transm:ss:on electron m/croscopy image of an MZF nanoparticle and doxorubicin

loaded thermoresponsive micelle. The visible opaque disks are the MZF nanoparticles. Right: HepG2
cell viability upon exposure to the loaded micelles under different conditions, AMF: alternating

magnetic field. From [106].

The ability of thermoresponsive polymers to hide and reveal the transferrin protein grafted on top of
gold nanoparticles was also reported [107]. Similar to the work of Wu et al. discussed in section
I1.4.2.c., there was a higher nanoparticle uptake at higher temperature, when the OEGMA chains
retract, allowing the transferrin protein to interact with the cell membrane’s transferrin receptors
(TfR). There was a balance between the number of grafted proteins on the gold nanoparticle and the
number of thermoresponsive copolymer chains: an optimum of 3 grafted proteins for 2 grafted
copolymer chains was determined.
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Table 8: Overview of the physico-chemical parameters of LCST and metal based nanocarriers with documented in vivo or in vitro results. M, total = M, of the
whole polymer; M, thermo = M, of the thermoresponsive block; Drug Loading is the ratio between the mass of encapsulated drug and the total mass of the

system.
Dru .
Mn total | Mn thermo. . .g LCST Size .
Ref. Polymer Nanocarrier | Molecule | Loading o Stimulus purpose
(8/mol) (8/mol) o (°¢) | (nm)
(wt.%)
Alternating magnetic field (AMF) allows for heating the
6sPCL-b-P(MEO,MA- 190 magnetic nanoparticles inside the micelles. Dox micelles' ICsq
[106] co-OEGMA) and MZF 61,270 43,130 Micelle Doxorubicin 5 43 (rt) on HepG2 cells decreases 13 times in presence of AMF (5
nanoparticles o min per 24 h, over 72 h) compared to cells incubated only at
37 °C.
Endocytosis in Hela cells, known for expressing TfR, was
59 (rt) monitored by confocal microscopy. Incubation for 2 h at
AUNPs-P(MPC-co- Metal ' 3 proteins 63 and different tempgratures, with AuNPs grafted or not with the
[107] PEGMA-co-Tf) 59,000 28,000 nanoparticle Transferrin er AUNP 39 450 thermoresponsive part. There are 4 times more AuNPs at
P P (41 °C) 41 °C than at 33 °C. The study reveals endocytosis is TfR

mediated, as when incubated with an excess of free Tf, the
nanoparticles are not taken up as much anymore.
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[ll. UCST polymers

UCST polymers are insoluble below the critical temperature and soluble above (Figure 1b). In
comparison with LCST polymers, there are much less reports regarding UCST polymers in aqueous
medium but they arouse great interest in the last decade. This is rather surprising provided that
UCST-type thermoresponsiveness seems more intuitive as it implies polymer solubilization above the
critical temperature as opposed to their LCST-type counterparts. Aqueous UCST polymers can be
divided in two categories according to the involved mechanism conferring the thermoresponsiveness:
hydrogen bonds or electrostatic interactions. The latter property is primarily represented by
zwitterionic polymers, even if polyelectrolytes in the presence of multivalent counterions can also
exhibit UCST behavior[108]. Only the first two UCST polymers based on hydrogen bonds presented
here were used for the design of drug delivery nanocarriers through in vitro or in vivo studies. The
reader is invited to consult the review by Seuring and Agarwal for a more exhaustive list of UCST
polymers in aqueous solution and their synthesis [109].

[11.1. UCST polymers based on hydrogen bonding

For this type of polymers, the polymer-polymer interactions rely on reversible hydrogen bonding.
Below the UCST, these interactions are stronger than polymer-water hydrogen bonding, leading to
the polymer chains to phase out. Apart from the three examples presented here, other systems exist
but are less studied.

[11.1.1 Poly(N-acryloylglycinamide) (PNAGA) and copolymers

The most widely studied UCST homopolymer is poly(N-acryloylglycinamide) (PNAGA), that serves as
the UCST counterpart of PNIPAAm. While it was first reported in 1964 by Haas and Schuler as a
polymer capable of forming a thermally reversible gel[110], the UCST behavior in dilute conditions
was not observed at that time. A comprehensive study of PNAGA as a UCST polymer was only
recently reported [111]. The NAGA monomer is not widely commercially available, thus the
monomer was synthesized prior to polymerization, which adds a difficulty in the use of PNAGA. The
unveiling of the UCST properties of the homopolymer was made possible by using very pure
monomer from a specific synthetic pathway and using a non-ionic radical initiator. In a subsequent
study, NAGA was polymerized in a controlled manner by RAFT polymerization from a non-ionic RAFT
agent[112]. UCST of PNAGA is only observed if a purely non-ionic polymer is obtained without any
traces of charged impurities[112]. This has prevented previous reports from witnessing the UCST
behavior of PNAGA[112]. Each NAGA repeating unit contains two hydrogen donor sites on the
nitrogen atoms and two hydrogen acceptor sites on the oxygen atoms, allowing intra- and inter-
polymer chain hydrogen bonding (Figure 19).
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Figure 19: Left: chemical structure of poly(N-acryloylglycinamide) (PNAGA). Right: schematic
representation of two PNAGA chains with possible hydrogen bonds shown in red.

The UCST behavior of PNAGA presents a broad hysteresis of up to 20 °C between the heating and
cooling cycle. Polymer concentration in solution has a slight impact on UCST. For PNAGA of molar
mass between 15,000 and 35,000 g/mol, the UCST remains at a constant value around 27 °C[113]. As
the molar mass decreases below 15,000 g/mol, the nature of the polymer end group has an
increasing impact on the UCST. In the report by Agarwal et al., a hydrophobic dodecyl RAFT agent
was used and the UCST was higher at 7,000 g/mol (38 °C) than at 15,000 g/mol (28 °C). The ionic
strength of the solution tended to decrease the UCST[113], yet PNAGA retained its
thermoresponsiveness in human serum[112]. As for PNIPAAm, copolymerizing NAGA with a
hydrophilic monomer decreased its UCST[111]. Hence, with a hydrophobic monomer, such as styrene,
the UCST increased[114]. Recently, NAGA has also been copolymerized with acrylonitrile (AN) to
increase the UCST (shown up to 45 °C), to keep it constant irrespectively of the copolymer
concentration in solution, and to remove the hysteresis[115]. In the nanocarrier presented below,
the UCST copolymer used is poly(N-acryloyl glycinamide-co-butyl acrylate), P(NAGA-co-BA), where
butyl acrylate acts as a hydrophobic monomer to tune the UCST up to 60 °C.

[11.1.2. P(AAm-co-AN) and other acrylamide copolymers

Moving forward from PNAGA, general guidelines for the synthesis of UCST polymer based on
hydrogen bonding from the lessons learned with PNAGA were determined. There is a need for
monomers capable of making reversible hydrogen bonds, having low content in ionic groups and a
certain hydrophilic / hydrophobic balance. Plus, easy to polymerize systems based on ready-to-use
commercially available monomers were presented. In that sense, poly(acrylamide-co-acrylonitrile),
P(AAm-co-AN), a copolymer exhibiting a UCST behavior in water and in PBS with a narrower
hysteresis than PNAGA, was synthesized [114]. The UCST was tuned by controlling the amount of AN
in the copolymer: the higher the AN content, the higher the UCST, with values ranging from 5 °C to
beyond 60 °C (Figure 20, right). They also showed that the UCST increased when increasing the
copolymer concentration: 6 °C at 1 wt.% to 26 °C at 15.3 wt.% (with a fixed AN content).
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Figure 20: Left: chemical structure of acrylamide copolymers reported to have a UCST behavior in
water. P(AAm-co-AN): poly(acrylamide-co-acrylonitrile); P(AAm-co-St): poly(acrylamide-co-styrene);
P(AAm-co-BzAAm): poly(acrylamide-co-N-benzylacrylamide); P(AAm-co-CAA): poly(acrylamide-co-
cholic acid acrylamide); PMAAm: poly(methacrylamide). Right: UV-vis transmittance cooling curves of
P(AAm-co-AN) copolymers with different mol.% amounts of acrylonitrile, given by the numbers, from
[114].

The P(AAm-co-AN) copolymer has been used as the thermoresponsive block in multiblock
copolymers to design thermoresponsive micelles and other nanocarriers[116—120].

Some groups have investigated the influence of the nature of the hydrophobic comonomer on the
UCST of acrylamide-based copolymers. For instance, poly(acrylamide-co-styrene), P(AAm-co-St),
exhibited UCST only when the copolymer chains had an homogenous composition obtained by RDRP
methods such as RAFT. Indeed, whereas P(AAm-co-St) obtained by free-radical copolymerization did
not exhibit UCST whatever the amount of St, a similar copolymer obtained by RAFT gave a UCST
between 50 °C and 65 °C[121]. The obtained UCST decreases upon dilution, from 65 °C at 10 mg/mL
down to 40 °C at 0.9 mg/mL. On another example, poly(acrylamide-co-benzylacrylamide), P(AAm-co-
BzAAm), was obtained by post-modifying a poly(pentafluorophenyl acrylate) polymer with a mixture
of ammonia and benzylamine[122]. The amines reacted with the pentafluorophenyl pendant groups
to yield P(AAm-co-BzAAm). The copolymer exhibited a UCST behavior only with 13 mol.% of BzZAAm
in the copolymer, leading to a UCST of 15 °C at 5 mg/mL in water. Copolymers with a lower amount
of BzZAAm were fully soluble in water, and those with a higher amount of BZAAm were insoluble. Both
P(AAm-co-St) and P(AAm-co-BzAAm) must be synthesized in precise conditions to obtain UCST
behavior in water. For the latter, it would be of interest to synthesize it from vinyl monomers instead
of modifying a pre-existing polymer and comparing the two synthetic routes in terms of UCST tuning.
Poly(acrylamide-co-cholic acid acrylamide), P(AAm-co-CAA), was copolymerized from a modified
acrylamide monomer and yielded a copolymer exhibiting a concentration dependent UCST: 48 °C at
10 mg/mL down to 24 °C at 1 mg/mL in water[123]. Rather than having a copolymer, Seuring and
Agarwal also showed that polymethacrylamide (PMAAm) has a UCST in water but only reported one
example with the critical temperature at 57 °C at 10 mg/mL with a broad hysteresis[114]. PMAAm
has the right hydrophilic / hydrophobic balance due to the added methyl group on the polymer

backbone compared to PAAm.
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[11.1.3. Polymers bearing ureido pendant groups

Urea possesses a high number of H-donor and H-acceptor sites and was shown to be able to make
dimers in water[124], making it a good candidate for a UCST polymer pendant group. Shimada et al.
modified a commercially available polyallylamine to yield poly(allylurea-co-allylamine), P(aU-co-aA),
exhibiting a UCST behavior in a 150 mM NaCl solution at physiological pH, and not in pure water[125].
The presence of the salt was important as it shielded the cationic charge on the nitrogen, (Figure 21,
top left), allowing enhanced polymer-polymer interactions. The UCST can be tuned by changing the
amount of aU in the copolymer: the higher the aU content, the higher the UCST with the highest
reported value at 65 °C. The UCST was constant at physiological pH between 5.5 and 8 but was
impacted by dilution and salt concentration. In the same study, the same synthetic route was applied
to a polyornithine. This polymer consisted in a polypeptide made from a non-proteinogenic amino
acid and was modified to yield poly(citrulline-co-ornithine), P(Ci-co-Or), (Figure 21, top right). This
copolymer is therefore biodegradable and UCST could be tune in the same manner as for P(aU-co-aA),
however the maximum reported UCST value was at 30 °C. In terms of toxicity, while they showed
that the fully cationic PaA affected cellular activity starting at 100 pug/mL, the copolymer P(aU-co-aA)
appeared to be well tolerated, leading to ~80 % cell viability up to 1 mg/mL[126]. Indeed, the
copolymer carried less than 15 mol.% of cationic monomers, thus preventing cell membrane toxicity.
As such, P(aU-co-aA) and P(Ci-co-Or) are good candidates for thermoresponsive drug delivery.
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Figure 21: Chemical structure of ureido-bearing polymers reported to have a UCST behavior in
aqueous solution. P(aU-co-aA): poly(allylurea-co-allylamine); P(Ci-co-Or): poly(citrulline-co-ornithine);
P(aU-co-SaA): poly(allylurea-co-succinylated allylamine); P(aU-co-AaA): poly(allylurea-co-acetylated
allylamine); PUEM-b-PMPC: poly(2-ureidoethylmethacrylate)-b-poly(2-methacryloyloxyethy!
phosphorylcholine).

Further studies have shown that a copolymer containing aU and succinylated allylamine also
exhibited a UCST behavior[127]. The difference with P(aU-co-aA) is mainly the negative charge on the
succinylated allylamine instead of the positive charge on the nitrogen of allylamine (Figure 21). In the
same report, the hydrophobic comonomer acetylated allylamine also yielded a UCST copolymer that
could potentially exhibit its thermoresponsiveness also in pure water as opposed to only in a 150 mM
NaCl solution. A recent study showed that homopolymerization of 2-ureidoethylmethacrylate (UEM)
yielded a polymer exhibiting a UCST behavior both in pure water and in PBS[128]. In another report,
micelles from a block copolymer of PUEM with a hydrophilic biocompatible block of poly(2-

42



methacryloyloxyethylphosphorylcholine), PMPC (Figure 21), were obtained and retained
thermoresponsiveness[129].

[1l.2. Zwitterionic polymers exhibiting UCST behavior

Zwitterionic polymers presenting both cationic and ionic charges can exhibit a UCST behavior in
water. This behavior stems from the strong coulombic interactions present between the charged
groups that can be either intra- or intermolecular. Because of the nature of the interactions, they are
much more influenced by the ionic strength of the solution. As biological fluids are made of complex
ions and strong ionic strength, it proves to be challenging to use these materials for drug delivery
systems. For instance, poly(3-dimethyl(methacryloyloxyethyl) ammonium propane sulfonate) and
poly(3-[N-(3-methacrylamidopropyl)-N,N-dimethyl]Jammoniopropane sulfonate) exhibited UCST
behavior in pure water[130]. These could nevertheless provide thermoresponsiveness to
nanoparticulate systems either by copolymerization[131] or surface modification[132].

[11.3. Polypeptide-based UCST polymers

While Shimada et al. have synthesized a polypeptide exhibiting a UCST, P(Ci-co-Or), the Chilkoti’s
group has transposed their ELP design approach for the synthesis of UCST polypeptides[133]. There is
no report describing this new family of polypeptides for drug delivery systems but the extensive use
of ELPs seems promising for further studies based on these polypeptides. The work is based on
resilins, that are biopolymers found in insects which provide soft rubber-elasticity to mechanically
active organs and tissues such as legs and wings. By studying the structure of resilin, they discovered
repeating amino acid motifs containing both arginine and aspartic acid moieties. Arginine residues in
a polypeptide are positively charged at physiological pH, whereas aspartic acid residues are
negatively charged. Figure 22 gives one example of an amino acid sequence providing a UCST
polypeptide. By adding an aromatic amino acid and tuning the length of the polypeptides, they
managed to synthesize thermoresponsive polypeptides exhibiting a UCST relevant for biological
applications (i.e., in the 20-43 °C range). This work showed the importance of the guanidinyl group of
the arginine residue to yield thermoresponsiveness. Both the guanidinyl group of an arginine residue
and the free amine of a lysine residue are protonated at pH 7.4 but the synthesized polypeptide did
not exhibit a UCST behavior in the presence of lysine residues whereas it did when these were
replaced with arginine residues. Thus, the guanidinyl group governed the UCST behavior, while the
opposite charges between the aspartic acid and the arginine residues reinforced the polymer chains
interactions so that the polypeptide could phase out below the UCST.
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Figure 22: Top: one example of a repeated motif of an UCST polypeptide as designed by Chilkoti’s
group. The amino acid sequence is RGDAPYQG, repeated 28 times it gives a polypeptide with a critical
temperature of 50 °C in PBS. Bottom: basic structure of the gelatin protein.

As for ELPs, this kind of polypeptide is not easy to synthesize in a regular chemistry laboratory, and
for the time being no reports have been found providing a guide to synthesize an acrylate derivative
of a UCST amino acid sequence for facile radical polymerization. Nevertheless, the structures
elucidated by Chilkoti et al. can be compared to the general chemical structure of the gelatin protein
(Figure 22, bottom). Indeed, Otsuka et al. have shown that a gelatin chitosan complex in certain
mixture conditions exhibited a UCST behavior in water with a critical temperature at around
35 °C[134]. These findings pave the way to obtaining biocompatible and biodegradable UCST
polymers as starting materials to build future thermoresponsive nanocarriers.

I11.4. UCST-based nanocarriers

In comparison with LCST-based nanocarriers, there are few reports of UCST-based drug delivery
nanocarriers with in vitro or in vivo results. Table 9 summarizes the only systems that can be found in
the literature. Three of these systems employ P(AAm-co-AN) as the UCST building block owing to its
ease of synthesis and the ability to fine tuning its UCST, and one is based on P(NAGA-co-BA), with
butyric acid acting as a hydrophobic monomer to yield a UCST of 60 °C. The first UCST-type drug
delivery nanocarrier was reported by Li et al. [135]. Their approach was pretty straightforward and
relied on the formulation of Dox inside PEGylated UCST copolymer micelles followed by in vitro and
in vivo evaluation of the efficacy with or without microwave-mediated hyperthermia[135].
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Table 9: Overview of the physico-chemical parameters of UCST based nanocarriers with documented in vivo or in vitro results. M, total = M,, of the whole polymer;
M, thermo = M,, of the thermoresponsive block; Drug Loading is the ratio between the mass of encapsulated drug and the total mass of the system.

Dru .
Mn total | Mn thermo. . .g UCST | Size .
Ref. Polymer Nanocarrier | Molecule | Loading | , Stimulus purpose
(g/mol) (g/mol) o (°C) | (nm)
(wt. %)
BEL-7402, hepatocellular carcinoma cells were treated with free
Dox and micellar Dox. ICs, of free Dox was the same at 37 °C and
120 | :
P(AAM-CO-AN)-g- (rt) 43 °C, whereas ICsy of micellar Dox was the same as free Dox at
[135] PEG g 56,600 32,500 Micelle Doxorubicin 5.8 43 100 37 °C but was lower at 43 °C (4.91 pg/mL vs. 1.56 pg/mL). In vivo,
(43 °C) local hyperthermia applied with microwave. Hyperthermia itself
did not enhance free Dox tumor growth inhibition, best inhibition
with micellar Dox and hyperthermia.
. Laser irradiation allows a 9 °C increase of the temperature in vitro.
Micelle . . .
. On Hela cells, no free Dox comparison with and without laser
Doxorubicin 10 irradiation. The micelles seem toxic even at low DOX
[136] P(NAGA-co-BA) n.a. n.a. coated with red | Indocyanine 5 60 85 (r.t.) concentration (2.62 pg/mL): 70% cell viability. With laser
blood cell green . . - . s .
membrane irradiation, there is a 2-fold decrease in cell viability as it drops to
around 35%. Effect also seen at 5.25 pg/mL concentration.
sy ; (s | o st crcer ol o e o comparicn o
esoporous - viability with loade s without hyperthermia, 30% viability
[137] MSN n-a. 18,100 nanoparticle Doxorubicin na 42 (r.t) with hyperthermia at 42 °C, 20% with hyperthermia and
glutathione.
Microwave treatment of the formulation without the metallic
nanoparticles (MNPs) increases the temperature, the increase is
enhanced with MNPs. 20% burst release without microwave, up to
450 60% release with microwave in 10 hours. In vivo, mice bearing
MNPs@A54-PEG- . N (rt) BE.L-7402 tu.mors were tr.eate.d with the dlffergnt formulahons
50,600 32,500 Micelle Doxorubicin n.a. 43 (with and without targeting ligand, with and without MNPs, with
[138] g-P(AAm-co-AN) 100 . . . .
(37°0) and without microwave treatment). Microwave applied 24 h post
70

injection as that is when the accumulation of iron inside the tumor
is maximum, higher with targeting ligand than without. With
MNPs, hyperthermia up to 45 °C in the tumor, without MNPs only
39 °C. Best tumor inhibition with the complete system, followed
by without MNPs and with MNPs without microwave.
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PEGylation was carried out after polymerization by chemically coupling succinimidyl carbonate ended
PEG on the primary amides of the acrylamide monomers. They showed that their formulated
micelles shrink upon heating, regardless of the initial micelle concentration. Dox-loaded UCST
micelles with hyperthermia exhibited the best results in terms of tumor growth inhibition, making
the system a good candidate for hyperthermia-triggered drug release. A similar system was also
reported by Huang et al. but did not use hyperthermia in vitro to show the clear advantage of
thermoresponsiveness[139].

To further improve their approach, Li et al. co-encapsulated metal nanoparticles (MNPs) made of iron
oxide that were able to respond to microwaves and to produce more heat locally[138]. They also
grafted a targeting ligand (A54) on the copolymer, specific to hepatic tumor cells, to have both
biological and physical targeting of the tumor. When comparing the targeted vs. non-targeted drug-
loaded micelles in vivo, tumor growth inhibition remained identical. Likewise, the addition of MNPs
only slightly improved tumor growth inhibition compared to micelles without MNPs. However, they
did provide a new method for in vivo tumor imaging and therefore a greater anticancer activity.

Hui et al. co-encapsulated Dox with a photothermal agent, indocyanine green (ICG), that rapidly
heated upon irradiation with a laser at a specific wavelength of 808 nm [136]. They also used a novel
biocompatible coating made of red blood cell (RBC) constituents to replace traditional PEG (Figure
23). Upon heating, the micelles swelled and the hydrodynamic diameter increased providing an on-
and-off release of the drug upon laser irradiation. The photothermal effect had an impact on cell
viability on its own, that was not clearly quantified in the report. Nevertheless, in vitro results
revealed promising. A question remains as whether laser irradiation can penetrate deeply into
tissues for a controlled drug release in vivo.
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Figure 23: Schematic representation of the formulation of UCST micelles loaded with doxorubicin
(DOX) and indocyanine green (ICG), coated with red blood cell (RBC) constituents and the
consequence of laser irradiation on the prepared micelles. Adapted from [136].

Instead of using a polymeric matrix as the material to encapsulate the drug, Hei et al. synthesized
mesoporous nanoparticles (MSN) coated with P(AAm-co-AN)[137]. MSNs are made of silica and their
important specific surface area allows to encapsulate a large number of small molecules such as
drugs. The UCST copolymer was grafted through a disulfide bond at the surface of the MSN. The idea
was to use the UCST copolymer as a gate nearby the MSN pores to physically prevent drug leakage
below the UCST. Upon hyperthermia the copolymer solubilized and opened up the gates, allowing
the drug to be released (Figure 24). The disulfide bond can be cleaved by intracellular glutathione to
further complete the drug release from the system. The drug release appeared to be very well
controlled and the in vitro results were promising for this uncommon system.
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Figure 24: Left: Schematic representation of doxorubicin loaded UCST mesoporous nanoparticles and

their evolution upon heating and exposure to glutathione. Right: Doxorubicin release curves at
different temperatures and with the presence of dithiothreitol (DTT), a compound capable of breaking
disulfide bridges. Adapted from [137].

Conclusion

Polymer-based thermoresponsive nanocarriers have been intensively investigated in past two
decades. Historically, LCST-based nanocarriers were the first to be reported because LCST polymers
have been studied for a longer time than UCST counterparts. They have recently been used to build
nanocarriers leading to the emergence of a new class of polymer-based thermoresponsive
nanocarriers. While there has been a considerable amount of work put into the design and the
comprehension of these nanocarriers, some hurdles remain to be overcome to come up a clinically
viable product. In the examples detailed in this review, the reports often show that the drug release
is improved upon hyperthermia. However, very few reports use a non-thermoresponsive control
formulation to see how temperature on its own impacts the drug diffusion from the polymer matrix
and subsequent release. Some reports also put forward that temperature at the tumor site is higher
than the average body temperature, which would let think that they can be used as an endogenous
stimulus for drug release. While it may be true that tumor cells have a strong metabolism, it seems
unlikely that there is a measurable difference between tumor and body temperature. In terms of
critical temperature, some studies reported polymers with a LCST at 37 °C for a nanocarrier that
should release its payload in a controlled manner. Yet at this temperature, there is no way of
controlling the drug release in vivo and these studies usually suggest further work to tune the critical
temperature for mild hyperthermia. Why not design the system with the proper critical temperature
in the first place? For a thermoresponsive nanocarrier to be designed properly to maximize its clinical
potential, research groups and clinicians should collaborate efficiently to better understand the
requirements of a clinical setting. Indeed, clinical practices are changing every year and the benefits
of hyperthermia in treating diseases such as cancer are now well-established[140]. Yet the modalities
for applying hyperthermia are not harmonized and depend on the equipment available in the clinic.
Nevertheless, hyperthermia devices exist in hospitals and using them on cutting-edge
thermoresponsive nanocarriers could bring a therapeutic improvement for cancer treatment[141].
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