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Developing new biomaterials is an active research area owing to their applications in regenerative medi-
cine, tissue engineering and drug delivery. Di-block copolymers, combining a hydrophobic block with a
hydrophilic one, are good candidates to develop biomaterials, but they are often obtained with non-bio-
derived components. To circumvent this issue, we used two biocompatible blocks: a hydrophaobic block
made of polyisoprene (Pl} extracted from natural rubber, and a hydrophilic block consisting in recombi-
nant elastin-like polypeptide (ELP). We report the synthesis and characterization of the polyisoprene-
block-ELP copolymers, coupled via Michael addition between the double bond of the maleimide pre-
viously grafted onto the Pl, and the thiol function of the C-terminal cysteine of the ELP. The resulting
conjugate can self-assemble into well-defined nanoparticles of hydrodynamic radius of 35-45 nm in
aqueous solution. These nanoparticles can encapsulate hydrophobic molecules, and therefore could be

used as drug delivery systems for various hydrophobic drugs.

Introduction

Polypeptides are of great interest for biomedical applications
such as drug delivery and tissue engineering because they are
biodegradable and biocompatible.!* Hybrid block copolymers
containing a polypeptide block and a non-polypeptide block
are of interest since they can combine the intrinsic properties
of polypeptide and the physico-chemical properties of the
second block which could bring solubility, elasticity, strength,
etc. Of particular interest, polypeptide-block-polyisoprene copo-
lymers can mimic the natural rubber (NR), which is composed
of 1,4-cis polyisoprene (PI) and a small amount of proteins that
are believed to play an important role in the physical pro-
perties of NR.*™ In addition, PI is enzymatically degradable®
and biocompatible.

Polypeptide-block-PI copolymers can be obtained by ring
opening polymerization of the N-carboxyanhydride of the
selected amino acid using the PI as a macroinitiator. This
approach was successfully used to synthesize poly(y-benzyl-
glutamate),”* poly(i-lysine),” and poly(e-tert-butyloxycarbonyl-
i-lysine’ onto polyisoprene. However, a limitation of this
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approach is that the polypeptide blocks were always based on a
single amino acid, which is obviously not representative of the
complex protein structures. In addition, the molar-mass dis-
persity of the polypeptide block is not negligible unlike natural
proteins.

Our goal was to synthesize a diblock polymer combining PI
with a recombinantly produced elastin-like polypeptide (ELP).
ELPs are synthetic polypeptides bio-inspired from the hydro-
phobic region of tropoelastin.'” They consist of multiple repeats
of Val-Pro-Gly-Xaa-Gly pentapeptides, where the guest residue
(Xaa) can be any natural amino acid except proline. ELPs are
characterized by their thermosensitivity, being soluble in water
below a transition temperature (T), which corresponds to the
cloud point temperature, and becoming insoluble when heated
above this T..'"'? T, depends on the chain length, on the nature
of the guest residue Xaa (e.g polar, charged, hydrophobic), on
the polypeptide concentration, and on the presence of salts."?
Recombinantly produced ELP are often preferred, because they
have controlled sequence and can have high molecular mass
contrarily to those chemically synthesized."

To solve solubility issues between the hydrophobic PI and
the hydrophilic ELP blocks we used a PI block of relatively low
molar mass, ie., below 10 000 g mol™'. On the other hand, we
selected from our library a rather hydrophobic ELP block
based on the Grand Average of Hydropathy (GRAVY) index,
which is calculated as the sum of hydropathy values of all the
amino acids, divided by the number of residues in the
sequence.'” Negative GRAVY value indicates that the protein is



non-polar, and positive value indicates that the protein is
polar. We synthesized ELPs containing isoleucine (I} at the
guest position of every VPGXG units.'®'” The sequence of
these ELPs is MW(VPGIG),,C, with n = 20, 40 and 60. Their
molar masses vary from 8.9 to 25.9 kg mol ', and their GRAVY
index is 1.26. Among these ELPs, we selected the shortest one,
MW/(VPGIG),,C, referred as 120, because (i) it can be produced
in higher yields than the larger ones, (ii) it has a lower ten-
dency to aggregation than the 40 and 60 pentamers, (iii) the
size of the 120 (8.9 kDa) is closer to that of the PI used, and
therefore the final diblock is expected to have a rather
balanced hydrophobic/hydrophilic mass ratio of approximately
0.7. In addition, the 120 block has one cysteine residue at the
C-terminal position that will be conveniently used for the
coupling reaction with one PI block.

In this work, the synthesis, purification and characteriz-
ation of the 120-b-PI copolymer are described. The self-assem-
bly properties and the possibility to encapsulate hydrophobic
molecules are investigated as well.

Experimental
Materials

Natural rubber (NR) PB235 was kindly provided by UMR iATE
in Thailand. 3-Chloroperoxybenzoic acid (mCPBA) (70-75%,
Acros), periodic acid (H;10g) (>99%, Aldrich), acetic acid (99%,
Aldrich), sodium triacetoxyborohydride (NaBH(OAc);) (97%,
Aldrich), Na,CO; (>99.5%, Sigma-Aldrich), KOH (85%), 6-mal-
eimidohexanoic acid (>90%, Sigma-Aldrich), oxalyl chloride
(>99%, Sigma-Aldrich), Tris(2-carboxyethyl)phosphine hydro-
chloride (TCEP. HCI) (Sigma-Aldrich), NaCl (Sigma-Aldrich),
DMSO (Sigma-Aldrich), PBS 10x (Eurobio), pyrene (98%, Alfa
Aesar), osmium tetroxide (Delta microscopy), and Nile Red
(Carl Roth) were used without further purification. Celite® was
purchased from Sigma-Aldrich. Tetrahydrofuran (THF), di-
methylformamide (DMF), and dichloromethane (DCM) were
purified using the PureSolv MD7 system from INERT.
Triethylamine (TEA) (99% Acros organics) was dried using
CaH, and distilled prior to use. Chloroform (VWR chemicals),
methanol, ethanol and diethyl ether (reagent grade, Aldrich)
were used as received. Laemmli Sample Buffer, Tris/glycine/
SDS buffer (TGS buffer), Precision Plus Protein™ Unstained
Standards, and 4-20% Mini-PROTEAN'™ TGX Stain-Free'™
polyacrylaimide gels were purchased from BioRad.
InstantBlue® Coomassie protein stain was from Sigma-
Aldrich. Ultrapure water (18 M£2 cm) was obtained by passing
in-house deionized water through a Millipore Milli-Q Biocel
A10 purification unit. Bacto Tryptone (Sigma), Yeast extract
(Sigma), Ampicillin (Sigma) and isopropyl (-o-thiogalactopyra-
noside (IPTG, VWR chemicals) were used for cell culture.

Production and purification of 120

Production and purfication of ELP 120 was performed as
already described.'” Briefly, a single bacterial colony was cul-
tured ovemight at 37 °C in a rotary shaker at 200 rpm in 50 mL

of lysogeny broth (LB) medium (1% bacto tryptone, 1% yeast
extract, 0.5% NaCl) containing 100 pg mL™' ampicillin.
Thereafter, this seed culture was inoculated into 0.95 L of LB
medium supplemented with glucose (1 g L™') and ampicillin
(100 pg mL™"), and cells were cultivated at 37 °C. When the
ODgyp nim reached a value close to 0.8, isopropyl [-o-thiogalac-
topyranoside (IPTG) was added to a final concentration of
0.5 mM, and temperature of the incubator was decreased to
25 °C. After 12 h the culture was harvested by centrifugation at
6000g and 4 °C for 15 min, and the cell pellet was suspended
with 10 mL g~ wet weight in phosphate buffered saline (PBS)
buffer. Thereafter cells were lyzed by sonication, and the in-
soluble debris were removed by centrifugation at 10 000g and
4 °C for 30 min. The cleared lysate was subjected to three suc-
cessive cycles of Inverse Transition Cycling (ITC).'* Briefly, ELP
was precipitated at 30 °C and centrifuged at 10 000g and 25 °C
for 30 min (“warm spin”). The ELP-containing pellets were dis-
solved in cold water and the insoluble proteins were elimi-
nated by centrifugation for 15 min at 10 000g and 4 °C (“cold
spin”). The protein content of the purified ELP 120 solutions
was measured by spectrophotometry at 280 nm with a
NanoDrop 1000 (ThermoScientific). Finally, the purified 120
was dialyzed against ultrapure water at 4 °C (Spectra Por7,
MWCO1000, Spectrum Laboratories), and then lyophilized.

For SDS-PAGE analyses, polypeptide-containing samples
were mixed with the loading buffer and loaded onto 4-20%
gradient acrylamide gels (BioRad). Electrophoreses were per-
formed in TGS buffer (25 mM Tris, 192 mM glycine, 0.1% SDS,
pH 8.6). After migration, protein bands were revealed by the
stain-free method using a Gel Doc apparatus (Biorad). Gels
were also subsequently stained with InstantBlue® Coomassie
protein stain. Densitometric analyses were performed with the
Image Lab software (BioRad).

Synthesis of maleimide end-functionalized PI

Synthesis of heterotelechelic keto/aldehyde PI (PIEG). This
reaction was performed as already described.” Briefly, 10 g of
NR were cut into small pieces and dissolved overnight at RT in
500 mL of THF in round-bottom flask under stirring. In paral
lel, 550 mg (3.2 mmol) of mCPBA were dissolved in 50 mL of
THF, and then added dropwise into the NR solution to epoxi-
dize the PI. After 2 h, a solution of 1.5 g of periodic acid (2 eq.
relative to mCPBA, 6.5 mmol) in 50 mL of THF was added
dropwise to the epoxidized NR solution. The reaction was
carried out for 2 hours, and then 2 g of Na,CO; were added
and stirred for 15 min to neutralize acids. The reaction
mixture was filtered on glass filter with Celite®, concentrated
using a rotary evaporator, and precipitated into a large excess
of cold ethanol containing KOH (5.9 mM). The precipitated
polymer was then solubilized in 50 mL of diethyl ether and fil-
tered again on Celite®. The purified product was dred over-
night at 40 °C under dynamic vacuum. This heterotelechelic
keto/aldehyde PI was named PIEG and was obtained as yellow-
ish and transparent viscous liquid. Yield: 70%, M,, = 5500 g
mol ™', D = 1.57. '"H NMR (400 MHz, CDCl;) § (ppm}): 9.77 (t,
1H, -CH,CHO), 5.12 (t (broad), 80H, -CH,CH=), 2.48 (t, 2H,



-CH,CHO), 243 (t, 2H, -CH,COCH,), 2.34 (t, 2H,
-CH,CH,CHO), 2.04 (m (broad), 316H, -CH,CH= and -CH,C
(CH;)=), 1.68 (s (broad), 240H, (CH,)C=CH-). '"H NMR spec-
trum and size exclusion chromatogram are shown in ESI
Fig. S1 and S2.¥

Synthesis of heterotelechelic keto/hydroxyl PI (PI-OH). This
reaction was performed under argon atmosphere as already
described.” Briefly, 6 g of purified PIEG 5500 g mol ' (equi-
valent to 1.2 mmol of aldehyde groups) were dissolved in
25 mL of dry THF. Then, 1.02 g (4.8 mmol, 4 eq.) of NaBH
(OAc); and 76 pL (1.2 mmol, 1 eq.) of acetic acid were added to
the reaction. The mixture was stirred at 40 °C overnight. The
product was then precipitated twice with large excess of cold
methanol, solubilized in 50 mL of Et,0, filtered on a glass
filter with Celite® and dried overnight at 40 °C under dynamic
vacuum. Yield: 80%, M, = 5500 g mol™', D = 1.56. '"H NMR
(CDCL,) 6 ( ppm): 5.12 (t (broad), 80H, -CH,CH=), 3.63 (t, 2H,
~CH,0H), 2.43 (t, 2H, -CH,(CO)CH;), 2.04 (m (broad), 316H,
~CH,CH= and -CH,C(CH;)=), 1.68 (s (broad), 240H, —(CH;)
C=CH-). 'H NMR spectrum is shown in Fig. $3.1

Synthesis of maleimidohexanoic chloride. This reaction was
performed under argon atmosphere. 2.75 g (12 mmol) of mal-
eimidohexanoic acid were solubilized in 15 mL of dry dichloro-
methane (DCM). 2.25 mL (26 mmol, ~2 eq.) of oxalyl chloride,
and 150 pL of NN-dimethylformamide (DMF) were added to
the solution, and incubated for 1 hour at rrom temperature.
Then, oxalyl chloride and DCM in excess were removed under
dynamic vacuum by an overnight incubation at room tempera-
ture. Yield: 100%. '"H NMR (Fig. $4t) (CDCl;) 5 (ppm}: 6.69 (s,
2H, -CH=CH-), 3.52 (m, 2H, -CH,N=), 2.88 (m, 2H,
-CH,(CO)Cl), 1.73 (m, 2H, -CH,CH,{CO)Cl), 1.62 (m, 2H,
~CH,CH,N=), 1.34 (m, 2H, -CH,CH,CH,(CO)Cl).

Synthesis of N-polyisoprene-maleimide (PIMAL). This reac-
tion was performed under argon atmosphere. A mixture of
2 mL of dry TEA (14 mmol, 40 eq.) and 8 mL of anhydrous
THF containing 1 g of maleimidohexanoic chloride (4.3 mmol,
10 eq.) was slowly added to a solution of 8 mL of dry THF con-
taining 2 g of PIOH (containing 0.36 mmol of OH group). The
reaction was done for 4 h at 25 °C. The product of the reaction
was separated by two successive precipitations into a large
excess of cold methanol, then dissolved in Et,0, filtered on a
glass filter with Celite®, concentrated using a rotary evapor-
ator, and dried overnight at room temperature under dynamic
vacuum. Yield: 90%, M, = 5500 g mol™', D = 1.64. '"H NMR
(CDCL,) & (ppm): 6.67 (s, 2H, -CH=CH-), 5.12 (t (broad), 80H,
~CH,CH=), 4.00 (t, 2H, -CH,0C0-), 3.5 (t, 2H, -CH,N), 2.43
(t, 2H, -CH,COCH;), 2.27 (t, 2H, -CH,(C0O)O-), 2.04 (m
(broad), 316H, -CH,CH= and -CH,C(CH;)=), 1.68 (s (broad),
240H, HCH;)C=CH-). IR-FT: stretching vibration of =C-H
(3036 em™'), -CH; (2960 cm™'), -CH,- (2914 cm',
2853 em™'), -CO- (1720 em ™" which was overlapped with CO
of maleimide), C=C (1665 cm™'), -C-H deformation from
-CH, (1446 em™') and -CH; (1375 em™ '), =C-H wagging at
828 em™' and -CH, rocking at 740 cm™' from PI backbone.
The stretching vibration of CO (1711 em '), wagging of =CH
(833 em™" which is overlapped with =C-H waging of PI) and

deformation vibration of -C-H of ¢is R,CH=CHR, (696 cm ')
from maleimide. '"H NMR spectrum is shown in Fig. S5, and
IR spectrum in Fig. S6.%

Synthesis and purification of the 120-block-PI copolymer
(120-b-PI). 2 mL of an aqueous solution of ELP 120 (8 mg mL™",
1.8 pmol) was incubated for 3 h at 4 °C with 100 pL of Tris(2-
carboxyethyl) phosphine hydrochloride (TCEP) 1 M to reduce
the intermolecular disulfide bridges. The reduced 120 was
recovered by an ITC cycle, dried under dynamic vacuum for
1 h, and then dissolved in 450 pL of a 2:1 (v/v)] mixture of
chloroform and methanol. After this solubilization step,
300 pL of chloroform were added to the glass vial to increase
the chloroform/methanol ratio to 4:1 (v/v), and the solution
was further incubated under magnetic stiring for 1 h at room
temperature. In parallel, 50 mg (9 mmol) of PIMAL 5500 g
mol ™! were solubilized in 800 pL of chloroform. After 1 h of
incubation, 200 pL of methanol were added to obtain a final
chloroform-methanol ratio of 4:1 (v/v). Finally, the two solu-
tions containing the solubilized ELP and PIMAL were mixed,
and 100 pL of TEA (0.46 M) was added. The reaction mixture
containing 1.8 pmol of ELP and 9 pmol of PIMAL was stirred
at room temperature for 24 h. A sample of 50 pL was then
pipetted out, dried, and solubilized in SDS-PAGE loading
buffer (BioRad) for analysis. After the reaction, the chloro-
form-methanol mixture was evaporated, and the dry residues
were washed three times for 3 h under magnetic stirring with
THF to eliminate the unreacted PIMAL. The supernatants were
analyzed by NMR to check their content in PIMAL. To extract
the unreacted 120, dried residues were then incubated with
1 mL of 70% ethanol for 24 h at 4 °C under magnetic agita-
tion, centrifuged at 10 000g for 30 min at 4 °C, and the super-
natant containing the 120 was eliminated. The pellet enriched
in 120-b-PI was kept for further analyses. All these purification
steps were monitored by SDS-PAGE analyses.

Self-assembly of 120-block-PI copolymer in aqueous solution

5 mg of 120-b-PI were dissolved in 1 mL of a 1:4 (v/v) mixture
of DMF/THF and filtered through 0.45 pm pore size PTFE
membrane. The block copolymer was nanoprecipitated by
adding 1.5 mL of milliQ water in 200 pL of 120-5-PI solution
under stirring at room temperature using a syringe pump R-99
E (RAZEL™) at a flow rate of 100 pL min™"'. The final polymer
concentration was 0.27 mg mL™'. The organic solvent was
removed from the particle dispersion by two successive dialysis
steps of 24 h against 2 L of deionized water.

Methods

The molar masses of polymers were determined by size exclu-
sion chromatography (SEC) using an Ultimate 3000 system
from Thermoscientific equipped with a diode array detector.
The system was also equipped with a multi-angle light scatter-
ing detector and a differential refractive index detector from
Wyatt technology. Polymers were separated on two Shodex
Asahipack gel columns GF310 and GF510 (300 % 7.5 mm)
(exclusion limits from 500 g mol™' to 300000 g mol™ ') using
DMF and lithium bromide (1 g L™") at 50 °C as eluent at a flow



rate of 0.5 mL min~ . The dn/dc value for 120-b-PI was deter-
mined as 0.13 mL g ' using the differential refractive index
detector of the SEC. An Easyvial kit of polystyrene from Agilent
was used as standards (M,, from 162 to 364000 g mol ') to
calibrate the column. Fourer transform infrared spectroscopy
(FT-IR) spectra of the polymer powders were acquired between
4000 and 400 cm™ ' in attenuated total reflectance (ATR) mode
with a Bruker Vertex 70 instrument equipped with a GladiATR
diamond. 'H, DOSY, HSQC and HMBC NMR spectra were
recorded in CDCI; at 298 K on a Bruker Avance NEO spectro-
meter operating at 400.3 MHz. All DOSY (diffusion ordered
spectroscopy) measurements were performed with a 5 mm
Bruker multinuclear z-gradient direct cryoprobe-head capable
of producing gradients in the z direction with strength 53.5 G
em™'. Each sample was dissolved in 0.4 mL of CDCl; for
intemal lock and spinning was used to minimize convection
effects. The DOSY spectra were acquired with the ledbpgp2s
pulse program from Bruker topspin software. The duration of
the pulse gradients and the diffusion time were adjusted to
obtain full attenuation of the signals at 95% of maximum gra-
dient strength. The values were 5.0 ms for the duration of the
gradient pulses and 300 ms for the diffusion time. The gradi-
ents strength was linearly incremented in 16 steps from 5% to
95% of the maximum gradient strength. A delay of 5 s between
echoes was used. The data were processed using 8192 points
in the F2 dimension and 128 points in the F1 dimension with
the Bruker topspin software. Field gradient calibration was
accomplished at 25 °C using the self-diffusion coefficient of
H,0 + D,0at 19.0 x 10 " m?*s ",

Circular dichroism spectra were recorded on a Jasco J-1500
equipped with a Peltier temperature control accessory (JASCO,
Hachioji, Japan). Each spectrum was obtained by averaging
two scans collected at 50 nm min~'. The CD spectrum of pure
water solution was subtracted from the average scan for each
sample.

The critical aggregation concentration (CAC) of the copoly-
mer in aqueous solution was determined as previously
described.'”*" Briefly, solutions of 120-b-PI in deionized water
with concentrations varying from 10°®* mg mL™' to 2 x 107!
mg mL~ " were prepared. Then, 1 pL of pyrene solution at 1 mg
mL™' in THF was added into 500 pL of particle dispersion pre-
pared at various concentrations and incubated under stirring
at 300 rpm for 10 h at room temperature. The dispersions were
characterized by fluorescence spectroscopy using a Jasco FP
8500 spectrofuoromete. The excitation wavelength was set at
319 nm, and the fluorescence emission of pyrene was recorded
between 360 and 400 nm. The intensities of the first (/1) and
third (73) vibrionic band of pyrene were determined at 373 nm
and 385 nm respectively. The I1/3 ratio was plotted as func-
tion of the polymer concentration. The CAC was determined
from the onset of the decrease in 11/13.

Dynamic light scattering (DLS) analysis of the suspension
of PI-b-ELP nanoparticles was performed at 25 °C by using a
Nano ZS instrument (Malvern U.K.) working at a 90° angle
detection. The hydrodynamic radius (R),) and the polydisper-
sity index (PDI) were calculated from autocorrelation functions

using the camulant method. The derived count rate (DCR) was
defined as the mean scattered intensity normalized by the
attenuation factor. The zeta potential was measured with the
same apparatus using the M3-PALS technique.

For transmission electron microscopy (TEM) analyses,
20 pL of the polymer dispersion at 0.27 mg mL™" were de-
posited onto lacey carbon grids, and then water was evapor-
ated at room temperature. The grid was incubated with vapor
of osmium tetroxide (OsO;, 4% in aqueous solution) for 12 h
at room temperature. TEM analyses were performed at 80 kV
acceleration voltage with a Hitachi H7650 microscope
equipped with an Orius camera (Gatan, Paris, France). Pictures
were acquired with the digital micrograph software.

Adsorbed structures at the solid/solution interface were
examined using a NanoScope Illa Multimode atomic force
microscope (Digital Instruments, CA) in Contact Mode,
equipped with a standard fluid cell. Standard cantilevers were
used with sharpened Si3N4 tips. These were imradiated with
ultraviolet light for 30 min prior to use. The solution was held
in a Plexiglas fluid cell, sealed by a silicone O-ring and resting
on a muscovite mica substrate. The cell and the cantilever
were cleaned by sonication for 30 min in deionized water at
40 °C and then dried using filtered nitrogen prior to use. The
mica substrate was cleaved using adhesive tape and immedi-
ately used, to avoid contamination by ambient dust particles
or volatile molecules. The cell was completely filled with about
0.5 mL of the nanoparticles solution at a concentration of
0.27 mg mL™". Before imaging the surfaces, the polymer was
allowed to adsorb onto mica during at least 12 h.

Encapsulation of Nile red was as follows: 2 puL of Nile red at
1 mg mL™ ' in DMSO were added in 600 pL of a solution of 120-
b-PI nanoparticles at 0.27 mg mL™". The solution was incu-
bated under stirring for 24 h at rrom temperature. The fluo-
rescence emission spectrum of the Nile red-loaded particles
was recorded between 587 and 800 nm (4., = 570 nm) with a
Jasco FP 8500 spectrofluorometer, and compared to the spec-
trum obtained with a solution of Nile red in water. Nile red
release was studied by placing loaded nanoparticles (600 pL at
0.27 mg mL™') into a dialysis device Spectra-Por® Float-
A-Lyzer® G2 (3.5-5 kDa MWCO). The device was then placed
in 1 L of water, and incubated at room temperature in the dark
under magnetic stirring. After excitation at 570 nm the fluo-
rescence of the dialyzed sample was measured between
587 nm and 800 nm. The experiment was performed in tripli-
cate and the data was presented as mean + SD.

Results and discussion

Synthesis and purification of 120-b-PI

Our goal was to graft a low MW PI block in the 5 to 10 kg
mol ™" range to the N-terminal cysteine of the 120 ELP to
obtain an amphiphilic diblock copolymer structure. The
different steps of the synthesis process are depicted in the
Scheme 1.
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Scheme 1 Synthesis of [20-b-Pl. Five main steps were used. 1:
Epoxidation and controlled hydrolysis of natural rubber to obtain keto/
aldehyde Pl (PIEG); 2: reduction of the aldehyde ends of PIEG to obtain
keto/hydroxyl Pl (PIOH); 3: conversion of maleimidohexanoic acid
(MalOH} to an acid chloride form (MalCl); 4: grafting of the maleimide
group on the PIOH to obtain -~ polyisoprene-maleimide (PIMAL); 5:
Michael addition reaction between the maleimide group from PIMAL
and the N-terminal cysteine residue of the ELP 120.

The synthesis, purification and characterization of the
recombinant ELP 120 was reported in a previous work.'”
Briefly, production of the recombinant protein was performed
by E. coli cells, and purification from the cell lysate was done
using the ITC protocol.' We optimized the previously used
ITC procedure, by lowering the temperature of the hot-spin
step from 30 °C to 25 °C, and by solubilizing the corres-
ponding hot-spin pellets in deionized water instead of salt-
containing solutions. These changes led to a large increase in
the yield of purified 120 from 32.7 + 13.5 mg L™ culture'” to
243 + 48 mg L' culture (n = 4).

The polyisoprene originally found in natural rubber (NR) is
of high molar mass (>500 kg mol '), and to reduce it a partial
epoxidation of NR by m-CPBA followed by cleavage with peri-
odic acid of the formed epoxy units was carried out.””' The
final purified product heterotelechelic keto/aldehyde PI (PIEG)
was characterized by 'H NMR and size exclusion chromato-
graphy (SEC) (Fig. S1 and S2f). The '"H NMR spectrum con-
firmed the presence of a peak at 9.77 ppm corresponding to
the hydrogen of the aldehyde function, and another one at
2.48 ppm comresponding to the “~CH,"” group in « position of
the aldehyde's carbonyl. Thank to NMR, the number-average
molar mass (M) was calculated to be around 5500 g mol ™.
The SEC trace of PIEG completely shifted to higher retention
time when compared to the original NR one. Using PS stan-
dards calibration, the M,, of PIEG was evaluated to be 6900 g
mol ™' and its dispersity (D) was 1.6. Thereafter, the aldehyde
end group of PIEG was selectively reduced into a hydroxyl
group using NaBH(OAc);. Heterotelechelic keto/hydroxyl PI
(PI-OH) was obtained in good yield (80%) and its structure
was confirmed by 'H NMR spectrometry (Fig. S37). Indeed, the
peak corresponding to the aldehyde proton of PIEG at
9.77 ppm disappeared totally and a peak at 3.63 ppm was
observed, corresponding to the “~CH," group in « position of
the hydroxyl function.

In parallel, we synthesized maleimidohexanoic chloride by
reacting maleimidohexanoic acid with oxalyl chloride. 'H

NMR spectrum of the product showed that protons from the
“~CH," groups in « position of the carboxylic acid shifted from
2.30 ppm to 2.80 ppm, and the broad peak around 1.61 ppm
splits into two distinct peaks at 1.72 (-CH,CH,(COJCl) and
1.60 ppm (-CH,CH,N=), confirming the identity of maleimi-
dohexanoic chloride (Fig. S47).

Consecutive reaction of PI-OH with maleimide acyl chlor-
ide to obtain PI bearing a maleimido group as a chain end was
successfully performed with a final yield of 90%. The
N-polyisoprene-maleimide (PIMAL) structure was then charac-
terized. '"H NMR spectrum (Fig. S51) showed that the signal of
the “~CH," group in « position of the hydroxyl, was totally
shifted from 3.63 ppm (PIOH) to 4.03 ppm confiming the for-
mation of the ester function. In addition, protons from the
double bond of the maleimide group were visible at 6.67 ppm.
Purified PIMAL was also analyzed with a Fourer Transform
Infrared Spectrometer (FT-IR, Fig S6%). The purified PIMAL
spectrum shows the presence of the stretching vibrations of
-C-H from the PI backbone, and the bending vibration of -C-
H of the cis double bond from the maleimide, confirming the
grafting of the maleimide function at the end of the PI chains.

After the preparation of the two blocks, the challenge was
to find a solvent, or a mixture of solvents able to solubilize
both the hydrophobic PIMAL and the hydrophilic ELP. PIMAL
solubility was assessed by simple visual inspection of polymer
solutions prepared in various solvents at a concentration of
50 mg mL™'. PIMAL was found to be soluble in chloroform, di-
chloromethane, tetrahydrofurane and hexafluoroisopropanol,
but not in toluene, cyclohexane or methanol. The solubility of
the polypeptide 120 was also evaluated in different solvents at
a concentration of 16 mg mL™'. After 48 h at RT under agita-
tion, the solution was pipetted out, filtered through 0.4 pm
nylon filter and the solvent evaporated. The dred residues
were analyzed by gel electrophoresis to evaluate the protein
content. A typical result is shown in Fig. S7.¥ 120 was not
soluble in the solvents tested, albeit at a low level (~10% of
total polypeptide) in chloroform. To go further, we looked at
mixtures of solvents that were used to extract natural proteoli-
pids from animal or plant tissues. Indeed, in mammals several
proteolipids are particularly enriched in the myelin sheath of
the central nervous system,”*** and they were efficiently
extracted by mixtures of chloroform/methanol.** We therefore
studied the solubility of PIMAL and 120 in different chloro-
form/methanol mixtures (1:1, 2:1 and 4:1, v/v)] and found
that a ratio of 4:1 was satisfactory for both macromolecules
(Fig. S8%). 120 was almost fully soluble (>95% as estimated by
densitometric analyzes of SDS-PAGE) in a chloroform/metha-
nol mixture 4: 1.

Before the coupling reaction, ELP 120 was reduced by TCEP
treatment to cleave the intermolecular disulfide bridges that
were formed between cysteine from two monomers, and there-
fore generate free thiols. After this treatment, only trace
amounts of dimers remained in the sample (lane 1, Fig. 1A).
The coupling of ELP 120 with the PI block was performed via a
Michael addition involving the maleimide group end-grafted
onto the PI and the thiol function of the C-terminal cysteine of
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Fig. 1 SDS-PAGE analyses of the polypeptide 120 and of the copolymer
120-b-PI. (A) Analyses of the reaction product. (1) Molecular mass stan-
dard. (2) 120 ELP reduced by TCEP treatment. (3) Products obtained after
20 hours of reaction at room temperature. (B} Follow-up of the purifi-
cation process. (1) Reaction products after the THF extraction to elimin-
ate the excess of unreacted PIMAL. (2) Content of the supernatant from
the ethanol wash at 4 *C. (3} Material that was not solubilized by cold
ethanol

the ELP (Scheme 1). The progress of the coupling reaction was
monitored by SDS-PAGE analysis, because we hypothesized
that the 120-b-PI copolymer has a lower electrophoretic mobi-
lity than that of 120. Fig. 1A shows a typical result obtained for
a reaction performed for 20 hours at room temperature with
50 mg of PIMAL and 16 mg of ELP 120 (molar ratio 5: 1).

After the coupling reaction (lane 3, Fig. 1A), we clearly see a
decrease in the intensity of the band corresponding to the
120 monomer, and the appearance of a new band, the relative
mobility of which, between 13 and 15 kg mol ™" by comparison
with the protein standards, being between those of the
120 monomer (8.9 kg mol ') and dimer (17.8 kg mol '). We
hypothesized that this new band corresponded to 120-b-PI. The
fact that this band was slightly smearing can be explained by
the dispersity of the PI block, so was the diblock. This appar-
ent molecular mass is close to the 15 kg mol ™" expected after
the coupling of the ~6 kg mol™" PIMAL and the 8.9 kg mol™!
120. Fig. 1A also shows that not all the 120 reacted during the
incubation period, because some ELP monomers and dimers
were still detected on the gel. Densitometric analyzes of the gel
showed that the intensity of the I120-b-PI band represents
around 60% of the total intensity measured in the corres-
ponding lane. We therefore sought for improvements. We
varied the amount of TEA, the PIMAL/120 molar ratios, and the
reaction time (Fig. S91) but these optimization trials only mar-
ginally improved the yield of 120-b-PI, which levelled off
around 65-70%. It was therefore necessary to punfy the 120-5-
PI. After the coupling reaction, chloroform/methanol was
eliminated by evaporation and the dried residues were recov-
ered. Un-reacted PIMAL was totally eliminated by three succes-
sive washes with THF, as showed by NMR analyses (Fig. S107).
The protein content of these THF extracts was analyzed by
SDS-PAGE (Fig. S11%). This experiment demonstrates that
neither the 120-5-PI, nor free 120, were solubilized during the
THF extraction. The next step was to eliminate the ELP 120 that
did not react with PIMAL. Our first attempts were made by
incubating the THF-insoluble fraction with cold water, as it
could have been hypothesized that the un-reacted 120 (mono-
mers and dimers) would be solubilized in the cold water frac-
tion, because their T,s were around 20 °C,'*'” and that the

120-b-PI diblock would not be solubilized because of its
increased hydrophobicity. However, our results showed that
this step was not as efficient as expected (Fig. S127). Cold-
water treatment allowed only partial extraction of the free
120 monomers, roughly 50% of the sample content. In
addition, none of the 120 dimers were extracted using this pro-
tocol. It thus appeared that after the reaction and the different
successive steps of washing and drying of the samples, a frac-
tion of the 120 was not water-soluble at a temperature below its
T,. This could be the consequence of the THF washes, and
drying steps that could have removed the water molecules
closely linked to the polypeptide, and therefore preventing its
further solubilization in water. A similar phenomenon has
been reported for leucinecontaining ELPs.*® We therefore
sought for other solvents, or mixtures of solvents, to remove
ELP from the reaction mixture. We tested different HFIP water
and ethanol/water mixtures and found that a solution of 70%
of cold ethanol gave slightly better results than those obtained
with the other mixtures (Fig. 1B).

Densitometry analysis of the gel showed that the cold-
ethanol fraction contains mostly 120 monomer, and only trace
amounts of 120-5-PI (lane 2, Fig. 1B). Finally, the purified frac-
tion contained 89% of 120-b-PI, and 11% of 120 monomers and
dimers (lane 3, Fig. 1B). Despite our efforts to improve the
purification process, this was the best result we could
obtained.

Finally, we evaluated the solubility of the I120-b-PI in
different organic solvents (Table S1%). Beside the chloroform/
methanol 4 :1 mixture, the copolymer was soluble in DMF, in
DMF/THF 1 :4 mixture, and to a lower extent in DCM.

Characterization of 120-b-PI

Purified 120-b-PI was first analyzed by size exclusion chromato-
graphy in DMF (Fig. 2A). The chromatogram obtained with the
non-reduced 120 sample, containing a mixture of monomers
and dimers, showed two peaks. The larger one representing
75% of the sample corresponds to the 120 monomers, and the
smaller one comresponds to the 120 dimers. Their molar mass
calculated by comparison with polystyrene standards were
respectively 10 and 23 kg mol™'. The SEC trace for the purified
120-b-PI revealed one main peak with a retention time inter-
mediate between those of the 120 monomers and dimers, and
a calculated molar mass of 16.5 kg mol™" (D = 1.1). A small
shoulder can be noticed at low retention times corresponding
most probably to some 120-5-PI dimers (34 kg mol™). It
should be noted that the proportion of these dimers were
lower after SDS-PAGE analysis (see lanes 3 Fig. 1A and B),
strongly suggesting that they are formed by non-covalent inter-
molecular bonds, such as hydrophobic interchain interactions
mediated by the PI moiety.

120, PIMAL, and purified 120-5-PI were analyzed by infrared
spectroscopy (Fig. 2B).

After the coupling reaction, the stretching vibration of -CH;,
(2960 em™') and -CH,- (2914 em™', 2853 ecm™') of PI were
detected in the 120-b-PI compound. In addition, the reaction
between the thiol function of 120 and the double bond of
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Fig. 2 (A) SEC traces of 120 and 120-b-P| using a Rl detector. 120-b-PI
(red line) and 120 (black line) were dissolved in DMF at a concentration of
5 mg mL™% and then filtrated through 0.45 pm PTFE filters. 40 plL solu-
tion was injected into the column at 40 *C. (B) Infrared spectra of ELP
120, PIMAL and 120-b-PI. 1 mg of dried 120, PIMAL and purified 120-b-P|
were analyzed at room temperature by infrared with a Bruker VERTEX
70. The corresponding traces of 120 (black), PIMAL (blue) and 120-b-PI|
(red) were superimposed for comparison.

PIMAL led to a shift of the stretching vibration of ketone to
1628 em ™', and to the disappearance of the bending vibration
of -C-H cis double bond from maleimide. Altogether, these
results strongly suggest that the reaction took place between
the thiol function of the 120 cysteine, and the double bond of
the maleimide. This result was confirmed by NMR analyses.
Correlation between carbon and proton signals were obtained
from the 'H-""C heteronuclear single quantum correlation
(HSQC) of 120-b-PI copolymer (Fig. 3). It can be observed cross-
peaks corresponding to the 120 part (green) and to the PIMAL
part (red). First, it must be noticed the total disappearance of
the signal due to the protons of the double bond from male-
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Fig. 3 2D HSQC NMR spectra of 120-b-Pl showing the correlation
between the two blocks in CDCls.

imide of the PIMAL compound (Fig. S5, 14 and 15%) showinga
quantitative conversion. Moreover, the reaction between the
thiol function of 120 and the double bond of PIMAL led to the
appearance of new peaks corresponding to the pyrrillidine-2,4-
dione moiety. The crosspeaks in blue at (a) 4 2.71/26.6 ppm,
(b) & 3.24/49.6 ppm, (c) & 2.49/34.1 ppm, (d) 4.31/65.0 ppm
were assigned to the link between maleimide of PIMAL and
cysteine of 120. Heteronuclear multiple bond comelation
(HMBC) spectroscopy involves proton-carbon connectivities
through coupling over two or three bonds and is valuable for

the peak assignments of non-protonated carbons, such as car-
bonyl carbons.

120-b-P1 self-assembly in aqueous solvent

We chose the nanoprecipitation technique to obtain 120-b-PI
nanoparticles. Briefly, purified diblocks were solubilized in
DMF/THF solution at a concentration of 2 mg mL™', and then
water was added drop by drop to form the nanoparticles. After
extensive dialysis to remove the organic solvent, the resistance
of the nanoparticles to dilution was tested by seral dilution.
The critical aggregation concentration (CAC) of the copolymer
was measured by a fluorometric method using pyrene as the
fluorophore®® (Fig. 4A).

The CAC value was calculated to be 50 pg mL™', which
corresponds to a molar concentration of 3.5 pM. This low CAC
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Fig. 4 Characterization of ELP-b-P| nanoparticles. (A) CAC measure-
ment of 120-b-Pl. CAC was calculated by measuring the ratio of the flu-
orescence intensities of pyrene (10 pM) measured at 373 nm and
385 nm. This ratio was plotted against the 120-b-Pl concentration to cal-
culate the CAC. (B) Encapsulation of the lipophilic stain Nile red.
Fluorescence of a Nile red solution in water (blue), and with 120-b-PI
nanoparticles (red). Relative data to the maximal value of each sample
are shown in the inset. (C). Fluorescence of the Nile red wersus time.
1 mL of Nile red-loaded particles (0.27 mg mL™) were placed in a dialysis
device and incubated in 1 L of water at 20 *C. The emission of fluor-
escence at 607 nm was measured at different time points. Data are
mean of three independent experiments + SD (@). As a control the fluor-
escence of a suspension of Nile red-loaded particles at same concen-
tration (0.27 mg mL™*) was monitored during 24 h (C). (D) DLS analysis
of particles obtained by nanoprecipitation of 120-b-Pl. Black bars rep-
resent the result obtained in water. Grey bars represent the result
obtained in PBS. (B} TEM images of 120-b-Pl nanoparticles. (F} AFM
images of 120-b-Pl nanoparticles. 3-D projection of particles combining
height and phase channels.



value can be explained by the presence of the very hydrophobic
PI moiety in the copolymer, in agreement with previous
studies which showed that both the sizes of the hydrophobic
block, and the hydrophilic/hydrophobic ratio influence the
CAC value.”””" Indeed, the CAC value measured for 120-b-PI is
in the same range (3-5 pM) as that measured for ELP-C14
diblocks.*® The capacity of the nanoparticles to encapsulate
the lipophilic stain Nile red was also evaluated. 120-b-PI nano-
particles in water were incubated for 24 h with a Nile red solu-
tion, and the fluorescence of the sample was measured
(Fig. 4B). When incubated in water, Nile red was barely fluo-
rescent, with 32 relative fluorescence units (RFU) at its
maximal wavelength emission of 654 nm. After incubation
with 120-b-PI nanoparticles, the fluorescence intensity
increased dramatically to 1710 RFU. In addition, the maximal
wavelength emission shifted from 654 nm to 607 nm in the
presence of the nanoparticles (inset Fig. 4B) demonstrating
that the dye was in a hydrophobic environment.*” This experi-
ment shows that the 120-5-PI nanoparticles can efficiently load
a hydrophobic molecule. Nile red release was studied by
placing the loaded nanoparticles into a dialysis device, and by
measuring the fluorescence at 607 nm at different times
(Fig. 4C). We measured a 40% decrease in the fluorescence
intensity during the first hour, and then a slower decrease.
After 5 h and 24 h of dialysis, the fluorescence intensity of the
samples was respectively 20% and 8% of the initial value. To
control that this decrease in fluorescence was not due either to
bleaching of Nile red or to nanoparticles dissociation during
the experiment, we also incubated a suspension of Nile red-
loaded 120-b-PI nanoparticles for 24 h without dialysis. We
showed that under this condition the decrease in fluorescence
was low, with more than 91% of the initial fluorescence inten-
sity remaining after 5 h of incubation, and still 85% of the
initial fluorescence intensity after 24 h. Altogether, these data
show that a hydrophobic drug can be efficiently released from
the 120-b-PI nanoparticles.

The hydrodynamic radius of the particles obtained after
nanoprecipitation was measured by DLS. A typical result is
shown in Fig. 4D. Independent experiments were performed
with four different batches of 120-b-PI. The mean Ry, of the par-
ticles was 394 + 49 nm, and the PDI was 0.132 + 0.011.
Stability of these nanoparticles was first evaluated by incubat-
ing them for up to 46 days at 4 °C (Table S2¥). This experiment
showed a slight increase in the PDI value during the first day
up to 0.24, but then this index, as well as the scattered inten-
sity of the sample did not change substantially for 46 days
suggesting that no significant aggregation took place. Next, we
studied the behavior of the nanoparticles upon heating treat-
ment. Indeed, the ELP moiety of the diblock has a T, around
19 °C,'"*"” and we wanted to see if heating the nanoparticles
will change their size. The size of the nanoparticles did not
significantly vary between 10 and 60 °C; the DCR and PDI
remained constants as well indicating that no significant
aggregation took place (Fig. S13%). These results strongly
suggest that the intrinsic thermosensitivity of 120 did not have
a significant influence on the 120-5-PI nanoparticles formation

and stability. To explain this result, we can raise two hypoth-
eses. The first one is that the hydrophobicity of the PI moiety
is so important, that this is the main driving force in the self-
association of the nanoparticles, and consequently the ther-
mosensitivity of 120 became negligible. In other words, the
fact that the ELP shell was totally hydrated (below its T}), or
partially dehydrated (above its T;) neither changed the nano-
particle dimensions nor their propensity to self-aggregate, at
least at the concentrations used. The second hypothesis is that
after the coupling reaction and the different successive steps
of washing and drying, the ELP corona was not totally soluble
in water at a temperature below its T, and consequently the
intrinsic thermosensitivity of the ELP was lost. To investigate
further we performed circular dichroism (CD) analyses of the
ELP and 120-b-PI samples (Fig. S14%). Indeed, numerous
studies have shown that the thermosensitivity of ELPs is the
consequence of conformational changes between the soluble
and aggregated state.””* This is the case for the ELP 120, with
a large negative peak around 235 nm at 15 °C which can be
ascribed to p-turns.’® This peak disappeared after heating at
30 °C. This confirms that the secondary structure of 120 differs
in its soluble and aggregated form. Different results were
obtained for 120-5-PI. At low temperature, we did not observe a
large negative peak around 235 nm. In addition, no significant
changes were observed upon heating, only a small decrease in
ellipticity in the 190-230 nm region. Finally, the spectra
obtained for 120-5-PI were highly similar to that of 120 at
30 °C. From these results, we can conclude that the grafting of
one molecule of PI at the C-terminal end of 120 led to a confor-
mational change, and that the corresponding secondary struc-
ture is similar to that adopted when the unmodified ELP is
incubated at a temperature above its T,. This explains our pre-
vious observation that the size of the 120-b-PI nanoparticles
did not change when we varied the temperature.

To understand the stability of the nanoparticles in water,
we measured their surface charge. Zeta value was measured to
be around -33 mV (Fig. S15%). This negative value explains
why the nanoparticles are quite stable when stored in water.
However, the presence of negative charges at the surface of the
nanoparticles is not straightforward. Indeed, 120 which is
exposed at the surface of the nanoparticles, does not contain
any negatively-charged amino acid in its sequence, only
neutral ones. The only charge might come from the
N-terminal amine, and therefore would be expected to be a
positive one. However, the average pK, of the N-terminal
amine of proteins is generally in the 7-8 range,* and therefore
this group should not be significantly charged in water solu-
tion. An explanation for the negative Zeta value of hydrophobic
materials has already been made. Indeed, it has been pre-
viously demonstrated that when an hydrophobic material is
placed in water, the OH™ ions which are present in solution
bind to the interface of the matenal, and therefore this layer of
negatively charged ions provides a negative charge on the par-
ticle surface.?”

Finally, we evaluated the stability of the nanoparticles in
PBS buffer, which is more biologically relevant than pure



water. Results of the DLS measurement are shown in Fig. 4D.
PBS addition to the solution containing the nanoparticles
immediately triggered their aggregation in particles of about
1200 nm. As shown previously, the 120-b-PI nanoparticles are
negatively charged in water, owing to the presence of an OH™
layer at their surface. When salts are added, this negative layer
of hydroxide ions is screened, and the hydrophobic nano-
particles start to aggregate. Of course, we will have to take this
phenomenon into account if we want to find a biomedical
application to our nanoparticles.

The morphology of the 120-b-PI nanoparticles was also
observed by TEM (Fig. 4E and Fig S16%) and AFM (Fig. 4F).
Particles ranging between 20 and 30 nm in radius can be seen
with the two techniques. The particles were aggregated as a
consequence of the dehydration process during sample prepa-
ration. TEM images show particles constituted by a black core,
most probably made of the PI block which is more stained by
osmium because of its reactivity with the double bonds, sur-
rounded by a clearer ring made of the ELP block that has a low
electron density.

Two biomedical applications could be foreseen for this
material. The first one is the possibility to obtain hydrophobic
drug depot after injection into human tissues. After encapsula-
tion of a hydrophobic drug into the 120-b-PI particles, and
injection into the human body, the saline concentration of
serum will trigger their rapid aggregation at the subcutaneous
or intramuscular injection site. This will lead to the formation
of a drug depot which will gradually release the encapsulate
drug, which could be an anticancer drug, a hydrophobic anti-
biotic or even an antigen for immunization purpose.’**? The
second application would be to use this rubber-based material
in tissue repair strategies. Indeed, such matenal could be used
to replace specific rubbery tissues such as intervertebral
discs.” However, this will require the synthesis of larger
amounts of 120-b-PI, and therefore to scale-up the synthesis
and purification process.

Conclusions

In this work, we successfully coupled poly(14-cis-isoprene)
and an elastin-like polypeptide. This bio-based diblock was
characterized by different physico-chemical techniques.
Particles of 30-45 nm of R, were obtained by nanoprecipita-
tion in water, and it was shown that they could encapsulate
and release a hydrophobic dye.
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