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Introduction

Aqueous synthesis and self-assembly of bioactive
and thermo-responsive HA-b-ELP bioconjugatest

Manon Levéque, Ye Xiao, Laura Durand, Louise Massé, Elisabeth Garanger ‘' * and
Sébastien Lecommandoux & *

The design of synthetic (bio)macromolecules that combine biocompatibility, self-assembly and bioactivity
properties at the molecular level is an intense field of research for biomedical applications such as (nano)
medicine. In this contribution, we have designed and synthesized a library of bioactive and thermo-
responsive bioconjugates from elastin-like polypeptides (ELPs) and hyaluronic acid (HA) in order to access
bioactive self-assembled nanoparticles. These were prepared by a simple synthetic and purification strat-
egy, compatible with the requirements for biological applications and industrial scale-up. A series of 9
HA-b-ELP bioconjugates with different compositions and block lengths was synthesized under aqueous
conditions by strain-promoted azide—alkyne cycloaddition (SPAAC), avoiding the use of catalysts, co-
reactants and organic solvents, and isolated by a simple centrifugation step. An extensive physico-chemi-
cal study was then performed on the whole library of bioconjugates in an attempt to establish structure—
property relationships. In particular, the determination of the critical conditions for thermally driven self-
assembly was carried out upon temperature (CMT) and concentration (CMC) gradients, leading to a phase
diagram for each of these bioconjugates. These parameters and the size of nanoparticles were found to
depend on the chemical composition of the bioconjugates, namely on the respective size of
individual blocks. Understanding the mechanism underlying this dependency is a real asset for designing
more effective experiments: with key criteria defined (e.g. concentration, temperature, salinity, and bio-
logical target), the composition of the best candidates can be rationalized. In particular, four of the bio-
conjugates (HA4 gx-ELPN80 or n100 and HA,4¢-ELPN80 or n100) were found to self-assemble into well-
defined spherical core—shell nanoparticles, with a negative surface charge due to the HA block exposed
at the surface, a hydrodynamic diameter between 40 and 200 nm under physiological conditions and a
good stability over time at 37 °C. We therefore propose here a versatile and simple design of smart,
controllable, and bioactive nanoparticles that present different behaviors depending on the diblocks’
composition.

recombinant polypeptides,® behaving simultaneously as intrin-
sically disordered proteins (IDPs) and random-coil polymers in

For many years, significant efforts have been dedicated to the
design of synthetic (bio)macromolecules that combine biocom-
patibility, self-assembly and bioactivity properties at the mole-
cular level for specific applications, in particular for the field
of (nano)medicine. Among these, elastin-like polypeptides
(ELPs) have arisen as promising biocompatible and stimuli-
responsive protein-like polymer scaffolds."” Inspired from a
natural structural protein (ie., elastin), ELPs are artificial
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0-solvent in their soluble form in aqueous media.*” Most
common ELPs are based on consecutive repeats of “Val-Pro-
Gly-Xaa-Gly” pentapeptides, Xaa being a guest residue that can
be any natural or non-natural residue except for proline.®
Efficiently produced in Escherichia coli (E. coli) bacteria and
purified by a chromatography-free technique termed Inverse
Transition Cycling (ITC),””® recombinantly produced ELPs are
polypeptides characterized by an exquisite control in the
primary sequence (including the monomer sequence and
chain length) unachievable with current polymerization tech-
niques. Perfect batch-to-batch reproducibility from bacterial
clones and exact molar masses allow the establishment of
precise structure-property relationships. A major characteristic
of ELPs is their lower critical solubility temperature (LCST)
transition behavior in aqueous media.”'° At a specific concen-
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tration, an ELP of a defined sequence and chain length is
soluble below a cloud point temperature (T,) and insoluble
above it. This cloud point temperature depends on several
macromolecular and environmental parameters, such as the
primary sequence of the ELP (guest residue composition),
overall hydrophilicity/-phobicity of the polypeptide chain,'*™®
the presence and concentration of salts,""> ionic strength,
and ELP molar concentration following a logarithmic law.'?
Importantly, the LCST is the lowest T., among all concen-
trations considered and is defined as a critical point (C¢; Tep,c)
characteristic of a family of ELPs with a defined monomer
sequence but of any chain length.'" At any concentration, the
aggregation of an ELP above the T, is perfectly reversible, with
a re-solubilization into free chains upon cooling the aqueous
solution below the T.,. This property represents a real advan-
tage in the design of “smart” polymer materials, and in par-
ticular for the formulation of self-assembled nanoparticles. In
multiblock copolymer systems, the presence of an ELP block
can induce a thermo-dependent amphiphilicity, leading to
self-assembly into different (nano)objects.'® The resulting self-
assemblies strongly depend on the nature of the other block
(s). For instance, in the case of a hybrid diblock copolymer,
where the ELP is combined with a hydrophilic polymer
segment (e.g., polysaccharide,'” PEG,'® and PLA"), the result-
ing bioconjugate is soluble below the T, of the ELP and self-
assembled into micelle-like nanoparticles above it (the T, is
therefore termed critical micellar temperature, CMT). In con-
trast, the coupling of an ELP to more hydrophobic species
(e.g., drugs,>®*' lipids,>*>* and polymers*®) leads to an
assembled system at low temperature that macroscopically
aggregates upon heating of the solution and dehydration-
induced aggregation of the ELP. In the case of an ELP diblock
copolymer, in which the T, of the two ELPs are significantly
different, three physical states can be observed with increasing
temperature: free chains in cold aqueous medium (i.e., below
the T, of the most hydrophilic block), micelles above the CMT
and below the T, of the most hydrophobic block, and macro-
scopic aggregates above the latter (termed bulk T,).>**>°
Finally, a copolymer composed of an ELP block and a UCST-
polymer block (e.g., resilin-like polypeptide) will present an
inversion of micelle behavior: at low temperature, the UCST-
block is hydrophobic while the ELP is hydrophilic, therefore
assembling into micelles with a UCST-polymer core and an
ELP corona.?*® The situation is reversed at higher temperature,
with a hydrophobic ELP core and a hydrophilic UCST-polymer
corona. In between, the system can be either all soluble or all
aggregated depending on the relative values of the cloud
point and clearing point temperatures (T, and T¢) of the two
blocks. This behavior is of significant interest as it enables the
selective exposure of different ligands by coupling them to
one or the other block. ELPs are therefore particularly relevant
precision polymers for biomedical applications, in particular
for nanomedicine: they are bioinspired, biocompatible, and
stimuli-responsive, and their integration in multiblock
polymer systems allows a precise control of their self-assembly
properties.'*'>* However, because they lack intrinsic bioactiv-
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ity, several strategies have been explored for their use as
effective  drug-delivery 3% In  particular,
targeting moieties have been added either by genetic engineer-
ing or by chemical post-modifications of recombinant
ELPs.>>™*

In the present work, we have particularly explored the possi-
bility of conjugating ELPs to hyaluronan (HA) as a CD44 target-
ing ligand.”>*® CD44 is a biological receptor that is over-
expressed at the surface of tumor cells in many cancers.*’ >
Notably, it is considered as a reliable marker for cancerous
stem cells (CSCs) that are suspected to be responsible for
relapses after treatment.’>>® Its main ligand is HA,>® a poly-
saccharide naturally present in the organism, mostly in the
skin and cartilage, hence its high biocompatibility and biode-
gradability.®® Its chemical and physicochemical properties
make it an excellent candidate for the design of drug delivery
systems,®*®" among other biological applications. In particu-
lar, its high hydrophilicity provides it with great hydration
capacities that have made it an inescapable ingredient in the
cosmetic field.®*®* It is thus already approved by the FDA for
cosmetic and pharmaceutical use and produced at industrial
scale.®® Interestingly, ELPs and HA have already been com-
bined either in mixed formulations or as covalent conjugates,
but mainly for tissue engineering and cell culture applications.
Their association for the design of smart nanocarriers is to our
knowledge still unexplored.

In a previous study, we have described the synthesis of a
small library of oligo- or polysaccharide-b-ELP bioconjugates,
including a HA-b-ELP bioconjugate based on a 7 kDa HA and
17 kDa ELP." These bioconjugates were synthesized by
copper-catalyzed azide-alkyne cycloaddition (CuAAC) in
organic solvents. Once isolated, these were shown to spon-
taneously self-assemble in water into nanometer-sized par-
ticles upon heating and to reversibly disassemble upon
cooling back the solution. In particular, the HA-b-ELP biocon-
jugate presented a CMT ranging between 37 °C at 800 pM and
58 °C at 30 pM, and formed sub-micron sized particles (ca.
200-300 nm) above the CMT, values that were poorly relevant
to our target application (i.e., nanomedicine). In this contri-
bution, we therefore aimed at providing a straightforward syn-
thetic design to afford well-defined HA-b-ELP bioconjugates
and explore their self-assembly. The synthetic strategy was first
developed to be carried out in water and without the use of cat-
alysts and co-reactants. ELPs with various chain lengths were
explored to lower the CMT in a physiologically relevant temp-
erature domain and to minimize its dependence on the molar
concentration of the bioconjugates. Different sizes of HA were
also considered to study the effect of the size of the hydro-
philic block on the nanoparticles’ properties. A total of 9 HA-b-
ELP bioconjugates were therefore synthesized and character-
ized and their self-assembly in aqueous media was extensively
explored. In particular, the determination of CMCs at different
temperatures and CMTs at different concentrations allowed
the establishment of phase diagrams for all bioconjugates,
allowing the prediction of their soluble or self-assembled state
in subsequent biological studies.

nanocarriers.

This journal is © The Royal Society of Chemistry 2022
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Results and discussion

The diblock HA-b-ELP bioconjugate previously reported by our
group comprised a 7 kDa HA segment covalently linked to a 40
repeat unit-ELP (ELP[M;V;-40]) of 17035 g mol . For the
present work, the primary sequence of the ELP was conserved,

, [[VPGVG)(VPGMG)(VPGVG), ], noted as ELP[M,V;-n] with
n being the total number of (VPGXG) pentapeptide repeats (n =
4 x m). However, this HA;-b-ELP[M,V,-40] displays a high
CMT and a strong dependency of the CMT on molar concen-
tration, which is typical of short ELPs, and can compromise
the stability of self-assembled nanoparticles over a large con-
centration range. We have thus decided to increase the length
(and therefore molar mass) of the ELPs used for this study,
and explored three different ELP[M,V;-n] with n = 60, 80, and
100 (shortened as ELPn60, ELPn80 and ELPn100 in this manu-
script). These ELPs were produced recombinantly in E. coli
bacteria following previously reported procedures.®® Their
detailed characterization is provided in Fig. S1-S5.f Three
sizes of HA were also selected, namely 4.6, 24 and 42 kDa. The
synthesis of the 9 HA-b-ELP bioconjugates (thereafter denoted
as HA,,-ELPnZ, with x corresponding to the molar mass of the
HA segment and Z corresponding to the number of pentapep-
tide repeats) was achieved in water by strain promoted azide-
alkyne cycloaddition (SPAAC) in order to avoid the use of a
copper catalyst, co-reactants and organic solvents as compared
to our previous synthetic strategy.'” To this end, the different
HA segments were modified at the reducing chain end to intro-
duce an azido group, while the three ELPs were modified at
the N-terminal chain end to provide them with a dibenzocyclo-

OH
OH
o o
HO o o
o o HO
H NH HO o -
o=< OH ’<NH
o

O/
HR A Mo
(1) NaBH,CN,
N N acetate buffer
NARATS 50°C, 5 days

()

Hj@m %&N\/\/NJ I,

O R=Hor OCH;

View Article Online

Paper

octyne (DBCO) moiety, the strain induced by the cyclic struc-
ture making the alkyne highly reactive and enabling a catalyst-
free cycloaddition reaction®®°® (Fig. 1).

In a first step, the anomeric position of the three HA seg-
ments was functionalized with an azido group through reduc-
tive amination in the presence of NaBH;CN at 50 °C (Fig. 1).
N-(3-Azidopropyl)-O-methylhydroxylamine (1), a home-made
reagent favoring the closed form of the last sugar unit,'”’*® was
used for HA 4.6 kDa, while the commercially available azido-
propanamine (2) was used for HA 24 and 42 kDa. The ELP
block was functionalized at the N-terminal chain end by ami-
dation reaction using a commercially available heterobifunc-
tional cross-linking agent containing a DBCO moiety and a
N-hydroxysuccinimide-activated ester group. The choice of
DBCO as a constrained alkyne was motivated by its stability,
reactivity, and commercial availability. The three HA-N; (i.e.,
4.6, 24 and 42 kDa) and the three DBCO-ELP (n60, n80 and
n100) were obtained in good yields and fully characterized by
'H NMR, MALDI and SEC (Fig. S6 and S71). For the 9 HA-b-
ELP bioconjugates, the consecutive SPAAC reactions were
carried out in pure water, using a 2-fold excess of DBCO-ELP.
In order to avoid ELP oxidation (at methionine residues) and
aggregation, the reactions were performed at 4 °C under an
inert atmosphere. After 2 days, HA-b-ELP bioconjugates were
isolated and excess DBCO-ELP removed by a simple centrifu-
gation at 40 °C, the diblock HA-b-ELP remaining in the super-
natant while the aggregated excess ELP was eliminated in the
pellet. The success of the reactions and purifications was con-
firmed by gel electrophoresis (SDS-PAGE) as illustrated in
Fig. 2A for the HA, ,-ELPn80 bioconjugate.
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Fig. 1 General synthetic scheme of the library of HA-b-ELP bioconjugates by SPAAC, using azido-functionalized HA segments (left) and DBCO-

functionalized ELPs (right).
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Fig. 2 Characterization of the HA;e-ELPNn80 bioconjugate by
SDS-PAGE (A) and SEC (B). A: S: protein size markers; b.p.: reaction
medium before purification; sp: supernatant; pel: pellet. B: samples in
phosphate buffer.

Before purification, the line on the protein gel (Fig. 24, line
b.p.) shows both neat black bands, characteristic of well-
defined proteins, and a smear corresponding to polydisperse
macromolecules. Indeed, while ELPn80 has a narrow disper-
sity due to its recombinant production (leading to neat bands
on the gel), HA, ¢ obtained by the degradation of longer HA
chains presents a high dispersity (as noticed in the size exclu-
sion chromatogram, Fig. 2B). The combination of the two
blocks therefore leads to a polydisperse HA, ¢-ELPn80 biocon-
jugate appearing as a smear. After purification, this smear is
observed only in the supernatant (Fig. 2A, line sp), whereas the
precise bands corresponding to the excess ELPn80 used in the
reaction (and to its non-covalent multimers) were recovered in
the pellet (Fig. 24, line pel). This confirmed the efficient separ-
ation of the HA, ¢ -ELPn80 bioconjugate from DBCO-ELPn80
used in excess. Bioconjugates were also analysed by size exclu-
sion chromatography (SEC). The chromatogram in Fig. 2B
shows the elution times of the two individual blocks ELPn80
and HA, ¢ in gray, confirming their difference in molar mass
and molecular dispersity. Shown in red, the curve of the final
product, HA,-ELPn80, appears shifted towards shorter
elution times, in agreement with the increased hydrodynamic
diameter of the bioconjugate and greater molar mass.
Characterization by SDS-PAGE and SEC for the entire library of
bioconjugates is provided in Fig. S8 and S9,f respectively.
Altogether these analyses confirmed the efficiency of both the
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SPAAC reaction and the simple purification method for the
HA, 6x-ELPn80 bioconjugate. All bioconjugates, combining the
three HA of different molar masses (4.6, 24, and 42 kDa) and
the three ELPs of different molar masses (25.4, 33.7, and
42 kDa), were synthesized, purified and characterized follow-
ing a similar procedure. A summary of the molecular charac-
teristics and composition of the 9 HA-b-ELP bioconjugates of
the library is provided in Fig. 3.

Most of the synthesized bioconjugates present a hydrophilic
block (HA) shorter than the thermosensitive one (ELP). Two of
them have rather equivalent composition (namely HA, -
ELPn60 and HA,,-ELPn100), and two others have a larger HA
segment as compared to the ELP (namely HA,,-ELPn60 and
HA,4,1-ELPn80). This library of HA-b-ELP bioconjugates pre-
senting different molar masses and compositions allowed us
to perform an extensive physicochemical characterization to
understand their thermal behavior under aqueous conditions.
We anticipated the difference in hydrophilicity to have a
strong impact on the thermo-responsive behavior of the bio-
conjugates, influencing their self-assembly properties. From a
biological perspective, the variation of HA molar masses
implies a difference in the strength of its interaction with the
CD44 receptor,”® which has a significant impact in the tar-
geted nanomedicine applications.

The thermo-responsive properties of all bioconjugates were
then studied by dynamic light scattering (DLS). A typical
example for the bioconjugate HA, ¢.-ELPn80 at 80 pM (concen-
tration used for subsequent biological studies to be reported

A »
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Fig. 3 Description of the library of HA-b-ELP bioconjugates. (A)
Table of molar masses and mass fractions of HA in the bioconjugates.
The additional 0.4 kDa in the bioconjugate as compared to the addition
of the molar mass of individual blocks corresponds to the molar mass of
the cross-linker. (B) Schematic representation of the composition of the
different bioconjugates.
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elsewhere) in PBS is given in Fig. 4. As illustrated in Fig. 4A,
the scattered intensity, also referred to as the derived count
rate (DCR), is very low below 24 °C, which is characteristic of
small diffusive objects. The z-average varies around 60 nm, but
the high polydispersity index (PdI) indicates the presence of
few poorly defined aggregates. At this temperature, the system
is therefore mainly composed of free chains in solution with
the presence of some aggregates. Between 24 °C and 30 °C, a
slight increase in the DCR can be observed, coupled with a
small decrease of the PdI. But the major change is the evol-
ution of the z-average, which increases sharply to reach
180 nm and decreases also abruptly to reach 40 nm. This
phase is the hallmark of a coacervation process, with large
objects highly hydrated, hence poorly scattering. Finally, from
30 °C, a 3™ phase is observed. The z-average stabilizes around
40 nm, with a very low PdI (<0.1), indicating the presence of
only one population of objects. The DCR increases and is fol-
lowed by a stabilization around 110 000 kcps, which relates to
the densification of nanoparticles’ core by dehydration of the
ELP, in agreement with previously reported examples on the
self-assembly of ELP diblock copolymers.”> At 30 °C and
beyond, the solution therefore contains monodisperse nano-
particles with a hydrodynamic diameter (Dy) of 40 nm. The
reversibility of the self-assembly process is illustrated in

0.0+

5 10 15 20 25 30 35 40 45 50 55

120000 - 1200
_e-0—0—0 ]
2100000 P 150
s 1160
% 80000 /‘/ 1140
B4 1 d
S 60000 - 1120
4 1100
S 40000 / 180
g 20000 - 160
_g 04 o—o—o—o—o—o—o/"._. 140
5] cMmT J20
O 20000 e ——————— 0
5 10 15 20 25 30 35 40 45 50 55

Temperature (°C)

View Article Online

Paper

Fig. 4B, with an inversed behaviour upon cooling. A schematic
representation of the observed self-assembly behavior is illus-
trated in Fig. 4C. The previous conclusions are also supported
by the representation of the size distribution (expressed in
intensity) and correlograms obtained for this solution at 5 °C
and 50 °C (Fig. S101): while several populations and small
objects are observed at low temperature, there is only one
population of 40 nm-sized nanoparticles upon heating above
the CMT. The temperature characteristic of the self-assembly
(CMT) is here defined as the temperature at which only nano-
particles are present in solution. It is thus determined as the
first temperature value at which both the z-average and the PdI
stabilize. As shown in Fig. 4A, the CMT is therefore estimated
at 30 °C (+1) for the HA, 4-ELPn80 bioconjugate. This CMT
was determined at different concentrations and is plotted in
Fig. 4D. Interestingly, a similar trend was observed for HA-b-
ELP bioconjugates to that for pure ELPs and in concordance
with our previous observations on HA;-ELPn40:'” the CMT
increases with dilution, following a logarithmic trend pre-
viously described by Chilkoti’s group.'* A similar self-assembly
behaviour was observed for all of the 9 HA-b-ELP bioconjugates
(Fig. S117). For all bioconjugates, the evolution of CMT with
molar concentration also followed a similar logarithmic law
(Fig. S127).

B 195
1.0
0.8
0.6
0.4
0.2

Pdl

0.0 LT : n i
£ 25 35 45 35 25 25 35 45 35 25 25 35 45 35 25
- ‘= 600 N
E E ‘—OO - . . . .
g T
8 o 400
3 & 300 3 4
< © 200]° .
N > .
< 100 / \ /S \ ;
N | S . /4

20 30 40 40 30 20 30 40 40 30 20 30 40 40 30 20
Temperature (°C)

D
38+
® HA, g -ELPn80
-- y=a-b"In(x)
%65 1 a=37.6
S 1 b=175
~
34 'y
9 ‘\\
~ -~
| 5
= 324 e
O .\\
-
~
30 Se
28 T )
1 10 100

Concentration (uM)

Fig. 4 Characterization of the self-assembly behavior of the HA4 ¢x-ELPN80 bioconjugate in PBS. (A) Determination of the critical micellar tempera-
ture (CMT) by DLS analysis of a solution at 78 pM in PBS upon a heating ramp (10 °C-50 °C). (B) Monitoring of the reversibility of the self-assembly
during 3 cycles of temperature ramps (20 °C—45 °C) for a solution at 80 pM in PBS. (C) Representation of the reversible bioconjugates’ self-assembly
with temperature. (D) Evolution of the CMT with concentration. Fit: CMT = a — b X In(C).
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The CMT was also determined by fluorescence spectroscopy
using Nile Red. Indeed, the fluorescence properties of Nile Red
change as a function of the polarity of the medium.”* In
aqueous medium, Nile Red forms poorly soluble aggregates
via II-II interactions that induce the quenching of the
fluorescence.”””> In more hydrophobic medium, Nile Red
interacts mainly with the solvent, dissolving the aggregates
and recovering its fluorescence.”*”> Nile Red is therefore often
used to characterize the conditions of the appearance of hydro-
phobic microdomains in solution, characteristic of micelliza-
tion behavior.”>”>7® Here, the self-assembly in nanoparticles
above the CMT induces the formation of such hydrophobic
microdomains in their core, leading to an increase of the fluo-
rescence intensity of Nile Red. The simultaneous determi-
nation of the critical micellar temperature (CMT) and critical
micellar concentration (CMC) is detailed in Fig. 5 for the
HA, 6-ELPn80 bioconjugate. Fluorescence spectra were
acquired every 2 °C upon a heating ramp from 4 °C to 50 °C
for solutions at 8 different concentrations. (Fig. 5A illustrates
the fluorescence spectra obtained from 4 °C to 50 °C for a
100 pM concentration.) The intensity of fluorescence at
637 nm was then plotted as a function of temperature (Fig. 5B)
or concentration (Fig. 5C). The CMT and CMC were respect-
ively defined as the inflexion point of the curves or as the inter-
section of two logarithmic fits. This method was applied at
each temperature and each concentration allowing access to
complete phase diagrams.

In Fig. 5D, the CMT is plotted as a function of concen-
tration. If the values here are similar to those determined by

A Temperature __ o¢ B
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DLS, those for the other bioconjugates are somewhat lower.
These observations are consistent, considering that for DLS,
the CMT corresponds to the temperature at which there are
only nanoparticles in solution (end of the transition), while by
fluorescence, the CMT is the temperature at which the first
hydrophobic clusters are detected (beginning of the tran-
sition). Nevertheless, similar logarithmic dependence of CMT
on concentration is observed (Fig. 4D and Fig. S131). Fig. 5E
shows the evolution of the CMC with temperature. At low
temperature, the CMC is high (above 100 pM) and slowly
decreases with increasing temperature. At about 28 °C, an
abrupt decrease of the CMC is observed, up to about 36 °C,
consistent with the range of the corresponding CMT for this
system. Above 36 °C, the CMC continues its slow decrease,
with values in the range 10-20 uM. The combination of these
data allowed the elaboration of a phase diagram as a function
of both molar concentration and temperature, circumscribing
the domains of HA, ¢ -ELPn80 present as free chains or as self-
assembled nanoparticles (Fig. 5F). All of the 9 HA-b-ELP bio-
conjugates were studied and analysed in a similar manner
(Fig. S13-S15t1) and characteristic values of interest (CMT,
CMC, and Dy) are summarized in Table 1.

Two tendencies were observed concerning the CMTs. The
CMTs increased with the length of the HA segment and
decreased with the length of the ELP segment. This result is
fully consistent with the contribution of these two blocks to
the general hydrophilicity of the system. A longer HA increases
the hydrophilicity, leading to a higher CMT, while a longer
ELP increases the hydrophobicity, leading to a lower CMT. The
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Fig. 5 Determination of the critical micellar temperature (CMT) and concentration (CMC) by fluorescence spectroscopy (polarity probe: Nile Red)
for HA4 6k-ELPN80 in PBS. (A) Stacking of the fluorescence emission spectra during a heating ramp (4 °C-50 °C) for a solution at 100 pM. A, =
637 nm — wavelength at the maximal fluorescence intensity. (B) Evolution of the fluorescence intensity at 4,e¢ with the temperature at 100 pM. CMT
= temperature at the inflexion point. (C) Evolution of the fluorescence intensity at A, with the concentration at 50 °C. Fit with two logarithmic
models. CMC = concentration at the intersection. (D) Evolution of the CMT with concentration. Fit: CMT = a — b x In(C). (E) Evolution of the CMC
with temperature. (F) Representation of the corresponding phase diagram (coacervate phase non-represented).
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Table 1 Summary of the CMT, CMC and Dy, values (respectively at 80 pM, 37 °C, and 50 °C) for the library of HA-ELP bioconjugates

CMT at 80 pM (°C) CMC at 37 °C (uM) Dy at 50 °C (nm)
Bioconjugate HA 4.6k HA 24k HA 42k HA 4.6k HA 24k HA 42k HA 4.6k HA 24k HA 42k
ELPn60 36 (+1.6)* 39.7(+2.1) 42.3 (+1.7) 23 32 46 77 (+25) 117 (+30) 239 (+38)
ELPn8o0 31 (£0.7)* 34 (+0.8) 35.7 (+0.5) 35 24 32 48 (£3) 98 (+9) 182 (+39)
ELPnl00 30.3 (£1.2) 31.3 (£2.5) 32.7 (+0.9) 18 25 28 60 (+3) 108 (+9) 194 (+26)

CMT: N = 3 except for * N=4. CMC: N = 1. Dy: N = 4-8.

variation of CMT with HA length and its dependency with the
concentration seem of smaller amplitude for the bioconjugates
with larger ELP blocks. At 80 uM, all the CMTs are between
30 °C and 42 °C, a perfectly suitable range of temperatures for
forthcoming in vitro and in vivo biological studies where mild
hypo- and hyperthermia shall be investigated. However, the
influence of the bioconjugate’s composition has to be con-
sidered: depending on the relative length of the two blocks,
the system under physiological conditions can indeed be
present either as coacervates (CMT > 37 °C) or nanoparticles
(CMT < 37 °C). The hydrodynamic diameter (Dy) of nano-
particles was measured by DLS (z-average) at 50 °C (high
enough above the CMT of all bioconjugates) (Table 1).
Hydrodynamic diameters evolved accordingly to the blocks’
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lengths: the size of nanoparticles decreased with decreasing
ELP and HA block lengths (and molar masses). These results
are in agreement with our expectation: a similar trend with
ELP had been observed in a previous study,’ while the deploy-
ment on the surface of a longer hydrophilic HA segment logi-
cally increased nanoparticles’ size. Noteworthily, the values for
HA-ELPn60 bioconjugates are artificially increased by the pres-
ence of aggregates in the samples. For all HA, -ELP and
HA,4-ELP bioconjugates, the size of nanoparticles was far
below 200 nm and thus fully compatible with systemic admin-
istrations and accumulation in tumors through the enhanced
permeation and retention effect.

Concerning the CMC, the same tendency was observed with
the increase of the HA block leading to a higher CMC.
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Fig. 6 Physicochemical characterization of the self-assembled nanoparticles based on HA4 g-ELPn80 bioconjugates. (A) Size distribution (in inten-
sity) and correlogram from DLS analysis at 50 °C (78 uM in PBS). (B) Stability over time at 37 °C: evolution of the Z-Average and the Pdl measured by
DLS with time (78 pyM in PBS). (C) Zeta potential measurements (78 uM in HEPES buffer, 60 °C). (D) TEM micrograph (2.6 pM in pure water, drop

deposition at 80 °C, and samarium acetate staining).
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However, there is no obvious tendency with the evolution of
ELP block size. The values are all between 18 and 46 uM. An
injection at such concentration could be contemplated in vivo
in a murine model, but would be precluded in humans, justify-
ing further improvement of the system.

A deeper characterization of HA, s-ELPn80 self-assembled
nanoparticles was achieved using complementary techniques
(Fig. 6).

DLS measurements made in PBS at 80 pM are displayed in
Fig. 6A and B. In panel A, the size distribution in intensity at
50 °C confirms the presence of a unique population at high
temperature, with a narrow size dispersity centered around
40 nm. This population seems to be stable over time at 37 °C,
as shown in Fig. 6B. If there is a slight increase of the
z-average with time, the PdI retains its low value, which
demonstrates the maintenance of a low dispersity and the
absence of destabilization. The structure of the nanoparticles was
then investigated by zeta potential measurements in HEPES
buffer at 60 °C (Fig. 6C). The negative mean value suggests that
the negatively charged HA is present at the surface of the nano-
particle, confirming a core-shell structure hypothesized earlier,
with the hydrophobic ELP buried in the core and the hydrophilic
HA deployed on the surface. Finally, the morphology of the nano-
particles was assessed by transmission electron microscopy
(TEM). This time, the solution was prepared at a lower concen-
tration (2.6 pM) in pure water in order to avoid the formation of
salt crystals. Fig. 6D reveals spherical objects with a regular
shape and homogeneous size, around 100 nm. This value is
higher than the Dy measured by DLS (Fig. 6B) due to the differ-
ence in the salinity of the solutions. In the absence of salts, the
nanoparticles are more hydrated, which increases their size. This
order of magnitude is however consistent with the observations
previously made for HA;-ELPn40 nanoparticles in pure water
(200-300 nm at 52 °C)."”

Conclusion

We have herein described an optimized synthetic strategy to
access a library of HA-b-ELP bioconjugates presenting a bio-
active, CD44-targeting HA segment, and a thermo-responsive
biocompatible polypeptide block. The bioconjugation reaction
was performed by SPAAC in water, and is a catalyst-, co-reac-
tant- and organic solvent-free synthetic process being desirable
for subsequent biological/biomedical applications. The
efficient isolation of the bioconjugates by a simple centrifu-
gation above the CMT in water adds to the straightforwardness
of the process advantageous for a possible development at the
industrial scale. A thorough physico-chemical study of the
nine HA-b-ELP bioconjugates was then performed in an
attempt to investigate the structure-property relationships. In
particular, the determination of the critical conditions for
thermally driven self-assembly has been carried out with temp-
erature (CMT) and concentration (CMC) gradients, leading to a
phase diagram for each of these bioconjugates. It has been
observed that if the CMT values were fully compatible with
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in vivo applications, the CMCs were relatively high, indicating
a compromised stability of the nanoparticles upon dilution,
and therefore a specific issue to address for subsequent bio-
logical studies. Some general rules on physico-chemical
characteristics (CMT, CMC, and Dy) versus macromolecular
parameters could be established and are found to be in agree-
ment with previous studies: (i) an increase in the HA length,
causing an increase of the general hydrophilicity of the biocon-
jugate, leads to an increase in the CMT, CMC and Dy values;
(ii) the increase of the ELP block length reduces the CMT as
well as the dependence of the CMT over molar concentration,
and increases the size of nanoparticles in agreement to our
expectations.”> Four of the bioconjugates (HA, ¢ -ELPn80 or
n100 and HA,,;-ELPn80 or n100) were found to self-assemble
into well-defined spherical core-shell nanoparticles, with a
negative surface charge due to the HA block constituting the
shell, a Dy between 40 and 200 under in physiological con-
ditions and a good stability over time at 37 °C.
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