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ABSTRACT: Stimuli-responsive recombinant elastin-like polypeptides (ELPs) are artificial
protein polymers derived from the hydrophobic domain of tropoelastin that have attracted
significant interest for drug delivery and tissue engineering applications. In the present study,
we have conjugated a photosensitizer (PS) to a hydrophobic methionine-containing ELP
scaffold, which upon reaction with singlet oxygen (*O,) is transformed into a hydrophilic
sulfoxide derivative facilitating the disassembly of photosensitizer-delivery particles during the
PDT process. A peripheraly substituted carboxy-Zn(Il1)-phthalocyanine derivative (TT1)
bearing a carboxyl group directly linked to the Pc-ring, and presenting an absorption maximum
around 680 nm, was selected as PS which simultaneously acted as a photooxidation catalyst. A
TT1-ELP[M,V3-40] conjugate was prepared from ELP[M,Vs-40] modified with an akyne
group at the N-terminal chain end, and from TT1-amide-C3-azide by copper(l)-catalyzed
alkyne-azide cycloaddition (CUAAC) reaction. Thisinnovative model photooxidation sensitive
PS delivery technology offers promising attributes in terms of temperature-controlled particle
formation and oxidation-triggered release, narrow molar mass distribution, reproducibility,
scalability, non-immunogenicity, biocompatibility and biodegradability for pharmaceutical

applications in an effort to improve the clinical effectiveness of PDT treatments.

KEYWORDS: Elastin-like polypeptide, photodynamic therapy, carboxy Zn(11)-

phthal ocyanine, photooxidation, stimuli-responsive self-assembly, bioconjugate
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INTRODUCTION

Photodynamic therapy (PDT) is an attractive non-invasive cancer treatment alternative
with higher selectivity and lower side effects as compared to conventional methods like
surgery, chemotherapy, and radiotherapy.*? The main components of PDT, namely a
photosensitizer (PS), light, and oxygen, are non-toxic individualy, while locally
generating highly toxic reactive oxygen species (ROS) when used in combination via
energy or electron transfer from the excited triplet state of the PS to nearby molecular
oxygen.® This can imply the selective activation of non-toxic photosensitizers
accumulated at tumor sites with NIR light (600-800 nm).45 During photo-irradiation,
generated ROS cause multiple oxidative damages to the surrounding microenvironment
impairing malignant cells metabolic function leading to apoptosis and/or necrosis.5’
Small scale inflammations, occurring after PDT anti-cancer treatment, have also been
shown to activate the natural immune system against malignant cells, resulting in the
complete destruction of the tumor and limiting the risk of tumor recovery.® Together
with low dark toxicity, the success of PDT mainly relies on the photophysical properties
of the selected PS (extinction coefficient (¢), singlet oxygen (*O,) generation quantum
yield (d,), etc.) and its effective accumulation at the tumor site.>** Phthal ocyanine (Pc)
derivatives, considered as second generation PS, are synthetic formal derivatives of
porphyrins, with superior photophysical properties and high chemical versatility.'©
Several Pc-based photosensitisers (Photosens, Photocyanine, Pc 4, IRDye®700DX)
have been approved for clinical use or arein advanced stages of clinical trials.*>*® Further
development of these phototherapeutic agents, both at the molecular level and as
nanometer-sized formulations, is currently of strong interest. Pc derivatives are
composed of four pyrrole subunits each one fused with an additional benzo ring and
linked via nitrogen atoms. Extended conjugation and lone electron pairs on nitrogen
atoms significantly increase electron density of the Pc backbone causing a red-shifting
of the absorption wavelength and increasing the absorption coefficient, which are two
essential parameters for effective PDT performance in complex biological media.** Pc
metal ion chelates (Zn?*, Al3*, Mg%, Ru?, etc.) generally show efficient triplet state
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population, and consequently an increased O, generation yield.*?'415 Dueto theintrinsic
hydrophobicity of Pcs, hydrophilic derivatives have been developed. Nevertheless and
besides synthetic challenges, the uncontrolled aggregation tendency of Pc backbones
combined with their low molar mass leads to uncontrolled biodistribution of this class
of PS in the body. In this context, several studies have shown that macromolecular
conjugates or nanocarriers of PSs improve their biodistribution, bioavailability and
therapeutic outcome by increasing their solubility and plasma half-life, and avoiding fast
renal clearance.'8 A wide variety of synthetic and natural biocompatible polymershave
been devel oped for nanomedicine applications, especially for the design of complex drug
delivery vehicles.” Among these, recombinant elastin-like polypeptides (ELPs) have
attracted significant interest for drug delivery and tissue engineering applications due to
their biocompatibility, biodegradability, low immunogenicity and stimuli-responsive
properties.’®?° EL Psare artificial protein polymersderived from the hydrophobic domain
of tropoelastin, the soluble precursor of elastin, and consists in repetitive sequences of
[-Va-Pro-Gly-Xaa-Gly-] pentapeptides.?® Their inverse phase transition behavior
provides a unique opportunity to engineer sophisticated stimuli-responsive delivery
systems.?02224 |ndeed, EL Ps present lower critical solution temperature (LCST) phase
behavior: below their critical aggregation temperature at a given concentration (cloud
point, noted as Tcp), ELP chains are soluble and mostly intrinsically disordered, while
hydrophobically collapsing above the Te,. Our group has in particular developed
chemosel ectively modifiable recombinant EL P scaffolds for easy tuning of their thermal
responsiveness by chemical modification.?2?52” |n particular, we have engineered
methionine-containing EL P scaffolds that can be chemoselectively modified at the side
chain of each methionine residue to tune their physico-chemical properties or to
introduce specific functionalities.?>26283 Due to its sensitivity to oxidation, the thioether
group of methionine can also be readily oxidized into sulfoxide, turning a hydrophobic
methionine-containing ELP with low Tcp into a hydrophilic sulfoxide derivative with

high Tcp.?? In the present work, we show that this characteristic property can be used to
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develop smart temperature and singlet oxygen responsive ELP-PS conjugates as

illustrated in Figure 1.
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Figure 1. Proposed mechanism of assembly of 77/-ELP[MV3-40] conjugates into
micellar coacervates at 37°C and disassembly into individual micelles upon
photoirradiation.

Towards this goal, an ELP containing 40 (VPGXG) pentapeptide repeats with X=M/V
(1:3) (denoted EL P[M;V 3-40]) was conjugated at the N-terminal chain end withazZn(l1)-
phthalocyanine PS (noted TT1). Upon specific photo-irradiation of the PS, ELP[M,V ;-
40] was found to be oxidized into its sulfoxide derivative ELP[M (O),V 3-40] turning the
hydrophobic TT1-ELP[M;V;-40] conjugate, which self-assembled into large micellar
coacervates at physiological body temperature, into an amphiphilic TT1-ELP[M(O),V ;-
40] conjugate self-assembled into small micelles, that shall diffuse more easily in dense

tumors allowing for a second photo-irradiation and even more efficient PDT.

RESULTSAND DISCUSSION

The ELP used in the present work, namely ELP[M,V;-40] with the exact protein
sequence  MWI[(VPGVG)(VPGMG)(VPGVG),],c was produced recombinantly in
Escherichia coli (E. coli) bacteria following previously reported procedures.???s A

peripherally substituted carboxy-Zn(l1)-phthalocyanine derivative (TT1) was selected as
photosensitizer due to its outstanding photo-physical properties.>!=33 It has a carboxyl
group directly linked to the Pc-ring and exhibits an excellent absorption coefficient
around 680 nm (¢~ 10° Ml.cm™), whereas its UV-Vis spectrum offers a broad

therapeutic optical window. Such a design of photosensitizersin the near-infrared (NIR)
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window (650-950 nm), also referred as the "therapeutic window", is specifically
relevant for biomedical applications as the absorption by other chromophores and/or by
the tissues is minimized, allowing for a most effective laser therapy. The singlet oxygen
quantum yield of TT1 measured in DM SO mounts up to @ = 0.72. The presence of tert-
butyl groups not only minimizes the formation of molecular aggregates,3 but also
increases the solubility of TT1 in organic solvents. TT1 is actually constituted of a
mixture of eight regioisomers, in equal proportions. TT1 was synthesized according to a

previously described procedure.3® The compound was then reacted with 3-

azidopropylamine, COMU® ({[(Z)-(1-Cyano-2-ethoxy-2-oxoethylidene)amino]oxy} -
N,N-dimethyl (morpholin-4-yl)methaniminium hexafluorophosphate), and
diisopropylethylaminein DMF toyield TT1-amide-C3-azidein 75% yield. (Scheme S1,
Figure S1-3)

The TT1-ELP[M;V;-40] conjugate was then prepared from ELP[M;V;-40] modified
with an alkyne group at the N-terminal chain end following a protocol established by our
group,” and from TTl-amide-C3-azide by copper(l)-catalyzed akyne-azide
cycloaddition (CUAAC) reaction in DMSO. (Scheme 1) The reaction mixture was
extensively degassed via freeze-thaw cycles under vacuum to prevent oxidation of
methionine residues. Excess copper was removed by treatment of the reaction mixture
with Cuprisorb® beads followed by filtration, and the reaction product was precipitated
with diethyl ether. The precipitate was dissolved in ultrapure water and further purified
by inverse transition cycling (ITC)3 yielding the pure TT1-ELP[M,V s-40] conjugate, as
assessed by different analytical techniques, in 80% overal yield. Quantitative
modification at the ELP chain end and complete removal of excess TT1 used for the
reaction were confirmed by MALDI MS, SDS-PAGE and SEC analyses. (Figure 2A-
C) MALDI MS analysis of TT1-ELP[M;Vs-40] showed a single peak at 18,033.5 in

perfect agreement with the theoretical molar mass. (Figure 2A and Table 1)
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Scheme 1. Synthetic scheme to access TT1-ELP[M;V;:-40] and the reference compound TT1-
ELP[M(O),V;-40].

SDS-PAGE analysis showed the successful removal of excess TT1 used for the reaction.
(Figure 2B and Figure $4) The SEC chromatogram of TT1-ELP[M;V;-40] (RI
detection) revealed amonomodal peak distribution. (Figur e 2C) The presence of asmall
shoulder at shorter retention times is attributed to aggregates of TT1-ELP[M;V;-40] due
to m-;t stacking of the TT1 planar backbone. Absorption at 607 nm aso indicated the

successful attachment of TT1 to the ELP chain end. (Figure 2C)
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Figure 2. Characterization of T7T7TI/-ELP[M:1V3-40] and TTI-ELP[M(0O)1V3-40]
conjugates. (A) Superimposed MALDI mass spectra of 77/-ELP[M1V3-40] and 77T1-
ELP[M(0O)1V3-40]. The spectrum of ELP[M1V3-40] is provided for comparison (black
trace). (B) SDS-PAGE analysis. (C) Size exclusion chromatogram of 77/-ELP[MV3-
40] in DMSO (red trace: RI detection; black trace: UV detection at 607 nm). (D) Size
exclusion chromatogram of 77/-ELP[M(0O)1V3-40] in DMSO (blue trace: RI detection;
black trace: UV detection at 607 nm). E) Overlapped absorption spectra of 771-
ELP[M1V3-40] (red trace) and T71-ELP[M(0O)1V3-40] (blue trace) in PBS buffer at 25
°C.

'H NM R spectroscopy was performed at 5 °C to insure full solubility of TT1-ELP[M,V -
40]. A slight oxidation of methionine residues (8%, i.e. less than one methionine over a

total of 11) was observed which may have been caused by short term light exposure

during sample preparation or during analysis. (Figur e S5)

Methionine residue oxidation in proteins is a natural mechanism used in mammalian
cells to deactivate the small amounts of ROS generated and accumulated in the body.353¢
These so called antioxidant proteins can be recovered via MSR enzymes (methionine
sulfoxide reductases) by reducing the sulfoxide to repair the original methionine.s®

Because in this study the designed ELP[M,V:-40] contains periodically spaced
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methionine residues proneto oxidation, and therefore highly sensitive to reactive oxygen
species, we hypothesized that photo-irradiation of TT1-ELP[M,V s-40] would oxidizethe
methionine thioether groups (11 total in the sequence of ELP[M,V;-40]), increase the
Tcp Of the conjugate due to increased polarity,?? and possibly trigger the disassembly of

micellar coacervates formed at physiological body temperature.

To verify this hypothesis, we have synthesized in parallel the reference compound noted
TT1-[M(O);Vs-40] in which all methionine residues are oxidized into sulfoxide form.
The latter was obtained from the sulfoxide derivative ELP[M (0),V s-40] functionalized
with an alkyne group at the N-terminal chain end, and from TT1-amide-C3-azide by
CUuAAC reaction in DM SO, and purified following similar procedures to those used for
TT1-ELP[M,V3-40]. (Scheme 1) ELP[M(O),V;-40] was obtained by oxidation of the
pristine ELP[M,V 3-40] with hydrogen peroxide (H.O,) following a protocol established
by our group.?? (Figures S6-7) The quantitative oxidation of ELP[MV3:-40] was
monitored by *H NMR (Figure S6) as well as the complete functionalization of the N-
terminal chain end. (Scheme S2 and Figure S8) TT1-amide-C3-azide conjugation to
Alkyne-ELP[M(O),V;-40] was confirmed by MALDI MS, SDS-PAGE, SEC, UV-Vis
spectroscopy, and *H NMR analyses. (Figure 2A, B, D, E and Figure S9) MALDI MS
analysis showed a shift of 1,174 Da between the monocharged species, [M+H]*, of
ELP[M;V;-40] and TT1-ELP[M(0O),V;-40] in good agreement with the theoretical value
(1,177 Da). (Figure 2A and Table 1) The SEC chromatogram of TT1-ELP[M(O),Vs-
40] (RI detection) showed anarrow monomodal peak distribution which overlapped with
the UV detector signal at 607 nm indicating successful conjugation of TT1. (Figure 2D)

Table 1. Characteristics of ELP derivatives synthesized.

[M+H]" SEC in DMSO
C d tation thheo MALDI )Llnax (nm)
ompound notatlo (Da) MS in PBS Mn b
(Da) (Da)
ELP[MV3-40] 17,0354 17,039.6 17,610  1.087
TTI-ELP[M;V3-40] 18,032.9  18,033.5 337&633 20,120 1.129
ELP[M(0)V3-40] 17,211.4 nd. 19,841  1.177
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TTI-ELP[M(0)1V3-40] 18,212.7 18,213.79 337 & 633 20,710 1.239
n.d. not determined

The thermo-responsive character of ELP[M;V;-40], before and after TT1 conjugation,
was measured by turbidity assays in phosphate buffer (PBS, pH 7.4) following the
absorbance at 600 and 500 nm, respectively, over atemperature range from 10 to 65 °C.
M easurements were performed at three concentrations (10, 20 and 30 uM) at which TT1-
ELP[M;V;-40] is fully soluble at 10 °C. At these concentrations, the transition
temperature (Tcp) of the pristine ELP[M1Vs-40] was in the range of 35-38 °C, close to
physiological body temperature which is relevant with literature results for short chain
length ELPs,®” and in full concordance with our previous studies.?? (Table 2) After
conjugation of TT1, the Tcp was found to drop by approximately 10 °C, the Tep of TT1-
ELP[M,V;-40] ranging from 29 °C at 10 uM to 27 °C at 30 uM. (Table 2, Figure S10A)

Table 2. Summary of the transition temperature (Tcp) of the different EL P conjugates.

Tcp in PBS ("C)"’l Tcp in PBS (OC)b
Compound name
10puM  20pM 30 uM 30 uM
ELP[M1V3-40] 38 36 35
TTI1-ELP[M,V3-40] 29 28 27 27
TTI1-ELP[M(0):V3-40] 46 46 45 44
TTI1-ELP[M;V3-4(]Ph0Ox 45 45 44

PhOx: photooxidized
2 Determined by UV-Vis spectroscopy. ® Determined by dynamic light scattering.

ab Measured upon a temperature ramp. The 7cp corresponds to the onset temperature
where the signal (absorbance or derived count rate, respectively) starts increasing.

This was expected due to the strong hydrophobic character of TT1. The insertion of a
hydrophobic molecular domain increases intra- and intermolecular hydrophobic
interactions in the EL P backbones.3® In addition, dynamic light scattering evidenced the
formation of very small micelles with ahydrodynamic diameter Dy ~ 31+2 nm below Tep
of TT1-ELP[M,V;-40] asaconsequence of TT1 intermolecular hydrophobic interactions
(Figure S11). This self-assembly mechanism, that locally increases the ELP

concentration, also explains the lower Tcr. Above the Tep of TT1-ELP[M,V3-40] around

10
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27 °C, larger micellar coacervates of 2.7 um could be observed, suggesting that TT1-
ELP[M;V;-40] would be aggregated when used in vivo. In clinical application, these
smart particles could be disassembled upon local cryothermia® at the tumor to let the
small micellesof TT1-ELP[M,V;-40] diffuse deeper into the tumor mass before applying
the PDT treatment.

Interestingly, the disassembly of TT1-ELP[M,V:-40] coacervates could also be triggered
by oxidation of methionine residues by 'O, generated upon TT1 activation by NIR light.
Indeed, the thermo-responsive behavior of the chemically oxidized conjugate TT1-
ELP[M(O),V:-40] measured in similar conditions to those used for TT1-ELP[M;V ;-40]

(PBS, pH 7.4) showed a huge jump (~17 °C) in T as compared to the non-oxidized

conjugate. (Table 2, Figure4A, B and Figure S10C) With aTcp of ca. 45 °C, well above
body temperature, the oxidized conjugate TT1-ELP[M(O),Vs-40] coacervates shall
therefore be destabilized at 37 °C.

As aproof of concept, asolution of TT1-ELP[M,Vs-40] in D,O was therefore subjected
to irradiation with a red-light emitting diode (LED, 630-640 nm) and *H NMR
spectroscopy used to follow the selective oxidation of methionine residues. The
formation of sulfoxide during the red emitting LED irradiation over 5, 10, 15, 20 and 30
minutes was monitored by the shift of the resonance peak at 2.1 ppm attributed to the
protons of the methyl group adjacent to the sulfur in the thioether form (-SCHs) to 2.6
ppm in the sulfoxide form (-S(O)CHs). (Figure 3A) Approximately 50% oxidation was
observed in 5 min, while 30 min irradiation caused complete oxidation of the 11
methionine residues of the ELP. We also noticed an increased spectral resolution of H
NMR analyses performed at room temperature during the photooxidation process as a
result of higher solubility of the conjugate formed noted TT1-ELP[M;V;-40]™°%. The
overlapped SEC chromatograms of TT1-ELP[M,V 5-40]™°*x showed narrow monomodal

peak distribution confirming the selectivity of the oxidation process without any traces
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of crosslinking or degradation in the backbone. (Figur e 3B) Increased dimer population
displayed in SEC and also observed in SDS-PAGE gel (Figure 3C), is probably due to

the strong hydrophobic interactions between TT1 chain ends.

: 100 %! B
A ' E ) TT1-ELP[M,V;-40]
/N 30 min TT1-ELP[M,V,-40]Ph°x
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; 15 min T g r 4 :
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Figure 3. (A) Stacked *H NMR spectra of TT1-ELP[M;V;-40] after photoirradiation during 5,
10, 15, 20, and 30 minutes (D,O, room temperature, 200 MHz). (B) SEC chromatograms in
DMSO of TT1-ELP[M,V;-40] before (black curve, RI detection) and after photoirradiation (red
curve, RI detection). (C) SDS-PAGE analysis (coomassie blue stain).

The thermo-responsive character of the photo-oxidized conjugate, TT1-ELP[M,V ;-
40]P°x; was also measured by turbidimetry and compared to the one of the starting TT1-
ELP[M,Vs-40] conjugate and of the reference compound TT1-ELP[M(O),Vs-40]. The
Tep a 30 UM in PBS was shifted from 27 °C for TT1-ELP[M,V:-40] to 44 °C (Figure
4A, B and Figure S10B) in perfect agreement with the value obtained for the chemically
synthesized sulfoxide version TT1-ELP[M(O),Vs-40]. (Table 2 and Figure S10C) One
would expect a drastic change in physicochemical properties of the ELP backbone
resulting from the sulfoxide formation, with a shift of the phase transition temperature
of the conjugate and a destabilization and disassembly of the coacervates observed at
body temperature.

12
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Figure 4. A) Normalized relative absorbance at 500 nm of 30 uM solution of TT1-ELP[M,V -
40] (black trace), TT1-ELP[M,V;-40]™°% (red trace) and TT1-ELPM(O),Vs-40] (red dots)
conjugates in PBS as a function of temperature. B) Transition temperature (Tcp) versus molar
concentration of TT1-ELP[M;V;-40] (black), TT1-ELP[M,V3-40]"°* (red) and TT1-
ELP[M(0),Vs-40] (red dots). C) Size distribution (in number) of TT1-ELP[M,V;-40] at 20 °C
and 37 °C (30 uM concentration in PBS). D) Size distribution (in number) of TT1-
ELPM(0O),V5-40] at 37 °C (30 uM concentration in PBS).

In order to mimic the self-assembly and photooxidation-triggered disassembly profile of
TT1-ELP[M,V;-40], dynamic light scattering (DLS) measurements were performed in
physiological conditions (PBS pH 7.4 at 37 °C) (Figure 4C). Due to the tendency of
TT1 to aggregate,-* upon direct dissolution of TT1-ELP[M,;V;-40] in PBS at ambient

temperature (20 °C), small micelles with a hydrodynamic diameter Dy ~ 31£2 nm were

observed. (Figure 4C) Temperature-controlled high-speed AFM imaging aso
confirmed the presence of the micelles even at 15 °C. (Figure S12A) Nevertheless, the
strong absorption of the laser light used in the liquid AFM equipment by self-assembled

particles above 37 °C prevented from obtaining a clear topological image. (Figure
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S12B). Increase of the solution temperature to 37 °C resulted in the formation of large
coacervates (ca. 2.7 um hydrodynamic diameter) in PBS (pH 7.4), while dropping the

temperature back to 20 °C leads to the disassembly of these aggregates back to small

micelles (Dy ~ 31+2 nm). (Figure 4C) In contrast, DLS analysis of TT1-ELP[M(O),Vs-

40] at 37 °C in PBS (pH 7.4) evidenced only the presence of small micelles (D, ~ 24+3

nm) with no larger coacervates. (Figure 4D)

We believe this experimental demonstration of the multi-responsive behavior of this PS
delivery system to be potentially very interesting in terms of clinical applications.
Indeed, one could expect that self-assembled TT1-ELP[M;V3:-40] conjugates
accumulated at the tumor site would disassemble upon local photoirradiation (PDT?) due
to methionine residues oxidation and increase of Tcp. Soluble photo-oxidized micellar
conjugates would consequently diffuse deeper into the tumor tissue and improve the
efficacy of a second photoirradiation (PDT?) asillustrated in Figure 1. The reactivation
of photosensitizers (PDT?) may then cause considerable damage to the tumor mass and

maximize therapeutic benefit.

Furthermore, therapeutic efficacy of PSs strongly depends on their optical and photo-
physical properties. Optical characterization of TT1-ELP conjugates at ambient
temperature showed no difference in absorption maximaat PBS buffer (pH 7.4, Aps=337
and 633 nm). (Figures 2E) Owing to the conjugation to the polypeptide, aqueous
environment with higher ionic strength and stacking of TT1 chain ends, the absorption
peaks of the conjugates get broader and blue-shifted from 673 nm (TT1 in THF) to 633
nm (conjugate in PBS). The TT1 dimer/multimer formation in the unfavorable solvent
(PBS buffer) also quenches the fluorescence property, nevertheless this has no
remarkable effect on the singlet oxygen generation property. The comparison of the
absorption spectrum of TT1-ELP[M,V;-40]™°< with the control compound TT1-
ELP[M(O),V:-40] in water reveal ed slight decrease in absorption band at 630 nm despite

the long light exposure (30 min LED, 650 nm) where the absorption at 339 nm remains
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unchanged, indicating the potential photostability of TT1 during long lasting
phototherapies. (Figure S13)

Conclusions

Nature-inspired genetically engineered recombinant ELPs are remarkable smart polypeptides
for biomedical applications owing to their controlled molecular weight, exquisite design,
thermal responsiveness, biocompatibility and non-immunogenicity.*® In addition, the cost
effective production in large scale with precise control on molecular composition makes them
excellent drug delivery matrix polymers that can deliver and release a targeted drug (PS) in

response to external stimuli.*!+?

Here we experimentally demonstrated a new approach for the
delivery of a photosensitizing molecule, namely a peripherally substituted carboxy-Zn(II)-
phthalocyanine (TT1), to be used in PDT cancer treatment by using Met’s ROS scavenging
property to trigger the disassociation of self-assembled micellar coacervates due to the
emerging oxidized chain. To this end, we have prepared a 77/-ELP[M1V3-40] conjugate from
recombinant ELP[M;V3-40] modified with an alkyne group at the N-terminal chain end, and
from TT1 functionalized with an azido group. Unlike previously reported drug-ELP
conjugates,!® such conjugates do not require additional treatment such as local hyperthermia to
trigger in vivo dis-assembly. On the contrary, local disassembly can be promoted by a first PDT
treatment that would allow micellar conjugates to diffuse deeper into the tumor tissue enabling
a more efficient second PDT. We believe this strategy opens an interesting possibility to

construct multi-responsive bioinspired delivery systems with externally controlled hydrophobic

association and dissociation properties. Moreover, besides remarkable responsive properties,
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this model delivery system offers a quantitative control on PS concentration and prevents its

uncontrolled accumulation and leakage before reaching the targeted site.

MATERIALSAND METHODS

Materials

The following reagents have been used as they were received: sodium chloride (NaCl, VWR,
100%), ammonium acetate (C,HsO,NH,4, Sigma-Aldrich, BioXtra 98%), acetic acid glacia
(CH3CO,H, Chem-Labs Limited), N, N-diisopropylethylamine (DIPEA, Sigma-Aldrich, 99%),
copper (1) sulfate pentahydrate (Cu,SO, 5H,0, Acros Organics, 98%), (+)-Sodium L-ascorbate
(CsH7NaOs, Sigma-Aldrich, 98%), 9(10),16(17),23(24)-Tri-tert-butyl-2-carboxy-5,28:14,19-
diimino-7,12:21,26-dinitril otetrabenzo[ c,h,m,r][1,6,11,16] tetraazacycl oei cosinato-(2)-

N29,N30,N31,N32 zinc (1) (mixture of regioisomers) (TT1), 3-azidopropylamine (CsHgNy,
TCI Europe, >95%), COMU® (C1,H15FsN4O4P, Sigma-Aldrich, 97%), Cuprisorb® (Seachem).
The following solvents have been used without further purification: ethanol (EtOH, VWR
chemicals, analytical grade, 100%), dichloromethane (DCM, Sigma-Aldrich, analytical grade,
99.9%), N, N- dimethylformamide (DMF, Fluka, 99.8%), acetonitrile (ACN, VWR chemicals,
HPLC grade, 99.9%), diethyl ether (Et,O, VWR chemicals, 97%), dimethyl sulfoxide (DM SO,
Sigma-Aldrich, 99,9%), 1,4-dioxane (Carlo Erba, HPLC - Stabilized with BHT), n-hexane

(Carlo Erba, for analysis, 99%).

Experimental procedures

Synthesis of TT1-amide-C3-azide
COMU (16.8 mg, 0.039 mmol) was added to a mixture of TT1 (20 mg, 0.025 mmol), freshly
distilled DIPEA (5.3 pL) in dry DMF (0.5 mL) at room temperature under Ar atmosphere.

Then, 3-azidopropylamine (4.0 mg, 0.04 mmol) was added dropwise. The reaction mixture was
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stirred for 24 h. The mixture was diluted with DCM (2 mL) and extracted with IN HCI1 (2 x 5
mL), IN NaHCOs3 (2 x 5 mL) and saturated NaCl (2 x 5 mL). DCM was then dried with MgSOas,
the solvent was removed, and the crude was directly purified by flash column chromatography
on silica gel (dioxane/n-hexane = 50:50) to give 16.4 mg of 1 (75%) as a dark blue solid.
'"H-NMR (300 MHz, DMSO-d6):  9.91 (m, 1H), 9,55-9,30 (m, 8H), 8,71 (m,1H),

8,37 (m, 3H),3,63 (m, 2H), 2.07-2.02 (m, 2H), 1.78 (s, 27H), 1.24 (m, 2H) ppm. HR-MS
(MALDI-TOF, DCTB): Calc. for CagHasNi2OZn: [M]": m/z: theoretical 870.3209,
experimental 870.3204. UV/Vis: (THF): Amax (nm) (g) = 673 (4.70); 607 (4.68), 348 (4.08).
General proceduresfor TT1-ELP conjugates syntheses

Alkyne-ELP (1 equiv.) and TT1 (Zn(I1)-phthal ocyanine, 2 equiv.) were dissolved in dry DM SO
(10 mg mL*) and CuSO, 5H20 (1 equiv.) and sodium ascorbate (2 equiv.) were added and the
solution was degassed by freeze-pump-thaw cycles. The solution left under stirring for 72 h at
room temperature under N, atmosphere. Excess copper was removed by Cuprisorb beads and
subsequent filtration. The reaction solution was dialyzed (MWCO 3.5 kDa) against ultrapure
water for 48h and lyophilized. Thefinal product was purified by inversetransition cycling (ITC)
and lyophilized.

General procedures of I TC purification for TT1-ELP conjugates

The blue product was dissolved in 1M NacCl solution (5 mL) and placed on a heating bath (40
°C). Fluctuated conjugates were centrifuged during 10 min at 38 °C (3800 RPM speed). The
supernatant was discarded and the dark blue pellet was dissolved in cold water (3 mL). The
solution was centrifuged for 30 min at 4 °C (3800 RPM speed) and the pellet was discarded. A
few drops of 1 M NaCl solution was added into the supernatant and placed into the heating
bath. Aggregated conjugates were centrifuged for 10 min at 38 °C (3800 RPM speed). Finally

the supernatant was discarded and the pellet was dissolved in cold ultrapure water and dialyzed
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against ultrapure water in a dialysis bag (cut-offt MWCO 3.5 kDa) for 24h to remove the excess
salt. The solution was lyophilized to obtain pure blue conjugates.

Analysis of TTI-ELP[MV3-40]

Yield of pure conjugate is 16 mg, 80%.

'"H NMR (400 MHz, D20, 5 °C): & 4.38 (br m, 1 1H aCH Me), 4.28-4.25 (m, 80H aCH Val,
Pro), 4.00-3.99 (d, 30H aCH Valxaa), 3.80-3.77 (br m, 200H aCH> Gly, 6CH- Pro), 3.54 (br ,
40H 6CH- Pro), 2.47-2.35 (br m, 22H yCH> Met), 2.16 (br m, 40H BCH> Pro), 1.93-1.80 (br m,
240H BCH> Met, BCH> Pro, yCH> Pro, BCH> Val, eCH3 Met), 0.83-0.70 (m, 420 H, yCH3
Val).

SEC (DMSO, LiBr 1 g L'}, standard: Dextran) Mn = 20120 Da, Mw/Mn = 1.129.

MALDI MS: theoretical MW = 18032.96 Da, experimental [M+H]"= 18033.521 Da

UV absorption in water Amax = 337, 633 nm, no fluorescence.

Analysis of TTI-ELP[M(0)1V3-40]

Yield of pure conjugate is 13 mg, 58%.

"H NMR (400 MHz, D0, 5 °C): § 4.38 (br, 11H aCH Me), 4.25-4.26 (br , 80H aCH Val, Pro),
3.98 (br, 30H aCH Valxaa), 3.79 (br, 200H aCH> Gly, 8CH> Pro), 3.54 (br, 40H 6CH: Pro), 2.80
(br, 22H yCH> Met), 2.56 (s,33H ¢CH3 Met) 2.15 (br, 40H BCH: Pro), 1.92-1.70 (br m, 207H
BCH> Met, BCH> Pro, YCH> Pro, BCH> Val), 0.77 (br, 420 H, yCH3 Val)

SEC (DMSO, LiBr 1g L"!, standard: Dextran) Mn = 20710 Da, Mw/Mn = 1.239.

MALDI MS: theoretical MW = 18212.766 Da, experimental [M+H]"= 18213.795 Da

UV absorption in water Amax = 337, 633 nm, no fluorescence.

Nuclear Magnetic Resonance (NMR): *H NMR spectra were recorded with a Bruker
AVANCE Il HD (Liquid-state 400 MHz NMR spectrometer with 5 mm BBFO probe).

Deuterated chloroform (CDCls, Euriso-top, 99.8%), and deuterated water (D,O, Euri-so-top,
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99.8%) were used as solvents and references for the lock. Bruker Topspin Software was used

for data treatment.

Size Excluson Chromatography (SEC): Measurements in DM SO were performed on an
Ultimate 3000 system from Thermoscientific equipped with adiode array detector (DAD). The
system also include a multi-angles light scattering detector (MALS) and differential refractive
index detector (dRI) from Wyatt technology. Polymers were separated on Tosoh TSK
G3000HHR and G2000HHR (7.8*300) columns (exclusion limits from 200 Dato 60 000 Da)
at aflowrate of 0.5 mL mint. Columns temperatures were maintained at 80 °C. Dextran from
PSS was used as the standard. Dimethysulfoxide (DM SO + lithium bromide LiBr 1 g L) was

used as the eluent.

Sodium dodecyl sulfate— polyacrylamide gel electrophoresis (SDS-PAGE) analysis: 10 puL
of Precision Plus ProteinTM Standards (BIO-RAD, un-stained) was used as size marker. 15 pL
of sample were loaded in gel wells (BIO-RAD, 4-20% Mini-PROTEAN® TGX™ stain-free
gel). Tris-Glycine-SDS Buffer (BIO-RAD, TGS 1x) was used as loading buffer. Laemmli

Sample Buffer (BIO-RAD, 2x) was used as a running buffer.

Matrix-assisted laser desor ption/ionization massspectrometry (MALDI MS): MALDI-MS
spectrawere performed by the CESAMO (Bordeaux, France) on an Autoflex max TOF mass
spectrometer (Bruker Daltonics, Bremen, Germany) equipped with a frequency tripled
Nd:YAG laser emitting at 355 nm. Spectra were recorded in the linear positive-ion mode with
an accelerating voltage of 19 kV. Sampleswere dissolved in water at 4 mg mL-1. The SA matrix
(sinapinic acid) solution was prepared by dissolving 10 mg in 1 mL of acetonitrile/0.1%

aqueous TFA 50/50. The solutions were combined in a10:10 volume ratio of matrix to sample.
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One to two microliters of the obtained solution was deposited onto the sample target and

vacuum-dried.

Matrix-assisted laser desorption/ionization time of flight (MALDI-TOF): MALDI-TOF
spectrawere recorded using an AXIMA Confidence Shimadzu spectrometer, using trans-2-[ 3-

(4-tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) as a matrix.

UV-Vis spectroscopy: The transition temperatures (Tcp, cloud point) were determined by
following the turbidity at 600 and 500 nm absorption versus temperature on Agilent Cary 100
UV-Vis spectrophotometer equipped with a multicell thermo-electric temperature controller.
Turbidity has been measured over atemperature range from 10to 65 °C at 1 °C min of a scan
rate before and after the TT1 conjugation at three concentrations (10, 20 and 30 pM) in
phosphate buffer (PBS, pH 7.4). The Tcp corresponds to the onset temperature where the

absorbance starts increasing.

Dynamic light scattering: The DLS measurements of TT1-ELP[M,V;-40] and TT1-
ELP[M(0),Vs-40] were performed on NanoZS 90 instrument (HeNe laser 632.8 nm, Malvern,
U.K.) at a90° angle at a constant position in the cuvette (constant scattering volume at 30 pM
concentration in 1x PBS, pH 7.4). The values of Z-average hydrodynamic diameter (D)
obtained from the 2nd order cumulant fit using a CONTIN-like algorithm. The Tcp measured
by DLS temperature ramp (10-55 °C) correspond to the onset temperature where the size and

DCR startsincreasing.

Atomic Force Microscopy (AFM): Temperature-controlled liquid atomic force microscopy
measurements were performed using a Dimension Fast Scan Bruker AFM system. The

topography images of the bioconjugates were obtained in Peak Force tapping mode, using a
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Silicon cantilever (ScanAsyst-Fluid+, Bruker) with atypical tip radius of 5 nm. The cantilever
resonance was 150 kHz and the spring constant was 0.7 N nr'. Samples were prepared by drop-
casting a bioconjugates solution of 50 uM onto a freshly cleaved mica or HOPG surface
purchased from Agar Scientific, which was directly applied for imaging. AFM imaging process
was achieved in the liquid environment at specific temperature. An externa heating stage

(Bruker) was used to achieve the target temperature at the substrate surface.

Photo-irradiation experiment: 3 mg of TT1-ELP[M;V;-40] was dissolved in 0.5 mL of D,O
and transferred to the NMR tube. *H NMR spectra has been taken before and after every 5 min
during 30 min of the LED (Luzchem LED:I, red region 630-640 nm, irradiance >2100 W/m?)
irradiation to monitor the photooxidation of the methionine residue at ambient temperature via

200 MHz *H NMR.
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PDT, photodynamic therapy; PS, photosensitizer; ELP, elastin like polypeptide; IPT, inverse
phase transition; T, transition temperature; ITC, inverse transition cycling; EPR, enhanced
permeability and retention effect; TT1, Zn(Il)-phthalocyanine, [9(10),16(17),23(24)-Tri-tert-
butyl-2-carboxy-5,28:14,19-diimino-7,12: 21,26-

dinitrilotetrabenzo[ c,h,m,r][ 1,6,11,16] tetraazacycloei cosinato-(2-)-N?°,N%°,N3L, N2 zinc (I1)

(mixture of regioisomers)].
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TT1-amide-C3-azide (1)

COoMU

HoN A~ Ns
DIPEA, DMF, rt, 24h

TT1 1

Scheme S1. Synthesis of TT1-amide-C3-azide (1).

Reagents: 9(10),16(17),23(24)-Tri-tert-butyl-2-carboxy-5,28: 14, 19-diimino-7,12:21,26-
dinitrilo-tetrabenzo[c,h,m,r][1,6,11,16]tetraazacycloeicosinato-(2-)-N*°,N°°, N*!, N*? zinc (1)
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(mixture of regioisomers) (TT1), 3-azidopropylamine (C3HsNs, TCI Europe, >95.0%),

COMU® (C12H19FsN4O4P, Sigma-Aldrich, 97%)

Solvents: 1,4-dioxane (HPLC - Stabilized with BHT, Carlo Erba), n-hexane (99% for analysis,

Carlo Erba)
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Figure S1. '"H NMR spectrum of TT1-amide-C3-azide (1) (DMSO-ds).
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Figure S3. UV-Vis spectrum of TT1-amide-C3-azide (1) in THF (Concentration 2,14-10° M).
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Figure S4. SDS-PAGE analysis of 77/-ELP[M1V3-40] (A) before and (B) after purification.
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Figure S6. 'H NMR spectrum of ELP[M(0)V3-40], (A) before and (B) after the chemical
oxidation, in D>O at room temperature.
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Figure S7. Size exclusion chromatograms (RI detection) in DMSO of ELP[M;V3-40] (black
curve) and ELP[M(0)1V3-40] (red curve).

N-terminal modification of ELP[M(0)V3-40]
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Scheme S2. Synthesis of Alkyne-ELP[M(O)1V3-40].

To a solution of ELP[M(0)1V3-40] (40 mg, 2.32 umol) in anhydrous DMSO (2 mL) N, N-
diisopropylethylamine (0.3 mg, 2.32 umol) was added and followed by addition of 4-pentynoic
acid succinimidyl ester (9 mg, 46.48 umol). The reaction mixture was stirred for 72h under Ar
at room temperature. Then the solution was diluted with 15 mL of water and dialyzed against
ultrapure water in a dialysis bag (cut-off MWCO 3.5 kDa) for 72h by changing the water every
3h. The solution was lyophilized to yield Alkyne-ELP[M(O)1V3-40] (30 mg, 75%) as a white
powder.

'H NMR (400 MHz, D,0, 25 °C): & 4.29-4.23 (m, 80 H, aCH Val, Pro), 4.09-3.99 (d, 30 H,
aCH VPGVG), 2.85-2.73 (m, 22 H, CH>S Met), 2.38-2.29 (br m, yCH> Met, CH,CH,C=CH),
2.56 (s, 33 H, SCH; Met), 0.82—0.75 (br m, 420 H, CH; Val).
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Figure S10. Absorbance (A.U.) at 500 nm of (A) 77T/-ELP[M1V3-40], (B) TT1-ELP[M1V3-40]
photooxidized, noted T71-ELP[M;V3-40]""°% and (C) TTI-ELP[M(O)1V3-40] solutions upon
heating-cooling-heating (10-65 °C) cycles at 10 uM (left panels) and upon heating at 10 uM,
20 uM and 30 pM concentrations (right panels) in PBS as a function of temperature.
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Figure S11. Temperature ramp results of (A) 777-ELP[M1V3-40] and (B) TTI/-ELP[M(O)1V3-
40] solutions at 30 pM concentration in PBS buffer upon heating at a range of 10-55 °C (1.5 °C
step, n=3) measured by DLS at 90° angle.
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3.3 micron water on hopg substrate

Figure S12. Temperature-Controlled High-Speed AFM (liquid) images of 77/-ELP[M1V3-40]
on HOPG substrate (A) at 15 °C, (B) at 50 °C in PBS and (C) pure water on HOPG substrate.
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Figure S13. Overlapped absorption spectra of 77/-ELP[M(0O)1V3-40] (black curve) and 771-
ELP[M,V3-40]""% (red curve) in water.
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Scheme S1. Synthesis of TT1-amide-C3-azide (1).
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Reagents: 9(10),16(17),23(24)-Tri-tert-butyl-2-carboxy-5,28: 14, 19-diimino-7,12:21,26-dinitrilo-
tetrabenzo[c,h,m,r][1,6,11,16]tetraazacycloeicosinato-(2-)-N*°, N**, N>! N*? zinc (II) (mixture of
regioisomers) (TT1), 3-azidopropylamine (C3HsN4, TCI Europe, >95.0%), COMU®
(C12H19F6N404P, Sigma—Aldrich, 97%)

Solvents: 1,4-dioxane (HPLC - Stabilized with BHT, Carlo Erba), n-hexane (99% for analysis,
Carlo Erba)
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Figure S1. '"H NMR spectrum of TT1-amide-C3-azide (1) (DMSO-de).
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Figure S2. MS and HRMS (MALDI-TOF, DCTB) of TT1-amide-C3-azide (1)
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Figure S3. UV-Vis spectrum of TT1-amide-C3-azide (1) in THF (Concentration 2,14-10° M).
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Figure S4. SDS-PAGE analysis of 77/-ELP[M1V3-40] (A) before and (B) after purification.
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Figure S6. 'H NMR spectrum of ELP[M(O):1V3-40], (A) before and (B) after the chemical
oxidation, in D>O at room temperature.
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Figure S7. Size exclusion chromatograms (RI detection) in DMSO of ELP[M:V3-40] (black
curve) and ELP[M(0)1V3-40] (red curve).
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N-terminal modification of ELP[M(0)V3-40]
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Scheme S2. Synthesis of Alkyne-ELP[M(O)1V3-40].

To a solution of ELP[M(0)1V3-40] (40 mg, 2.32 pmol) in anhydrous DMSO (2 mL) N, N-
diisopropylethylamine (0.3 mg, 2.32 pmol) was added and followed by addition of 4-pentynoic
acid succinimidyl ester (9 mg, 46.48 umol). The reaction mixture was stirred for 72h under Ar at
room temperature. Then the solution was diluted with 15 mL of water and dialyzed against
ultrapure water in a dialysis bag (cut-off MWCO 3.5 kDa) for 72h by changing the water every
3h. The solution was lyophilized to yield Alkyne-ELP[M(O)1V3-40] (30 mg, 75%) as a white
powder.

'H NMR (400 MHz, D,0, 25 °C): & 4.29-4.23 (m, 80 H, aCH Val, Pro), 4.09-3.99 (d, 30 H, aCH
VPGVG), 2.85-2.73 (m, 22 H, CH>S Met), 2.38-2.29 (br m, yCHa Met, CH,CH,C=CH), 2.56 (s,
33 H, SCH; Met), 0.82-0.75 (br m, 420 H, CH; Val).
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Figure S8. 'H NMR spectrum of Alkyne-ELP[M(0),V3-40] in D,0 at room temperature (*EtOH).
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Figure S9. '"H NMR spectrum of TT/-ELP[M(0):V3-40] in DO at 5 °C.
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Figure S10. Absorbance (A.U.) at 500 nm of (A) TT/-ELP[M1V3-40], (B) TTI-ELP[MV3-40]
photooxidized, noted 7TI-ELP[M;V3-40]""9%, and (C) TTI-ELP[M(O):V3-40] solutions upon
heating-cooling-heating (10-65 °C) cycles at 10 uM (left panels) and upon heating at 10 uM, 20
uM and 30 uM concentrations (right panels) in PBS as a function of temperature.
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Figure S11. Temperature ramp results of (A) 777-ELP[M1V3-40] and (B) TT1-ELP[M(0O)1V3-40]
solutions at 30 uM concentration in PBS buffer upon heating at a range of 10-55 °C (1.5 °C step,
n=3) measured by DLS at 90° angle.
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Figure S12. Temperature-Controlled High-Speed AFM (liquid) images of 77/-ELP[M1V3-40] on
HOPG substrate (A) at 15 °C, (B) at 50 °C in PBS and (C) pure water on HOPG substrate.
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Figure S13. Overlapped absorption spectra of 77/-ELP[M(0)1V3-40] (black curve) and 771I-
ELP[M,V3-40]""°* (red curve) in water.
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