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Abstract 

Polymeric micelles, and especially those based on natural diblocks, are of particular interest 

due to their advantageous properties in terms of molecular recognition, biocompatibility, and 

biodegradability. We herein report a facile and straightforward synthesis of thermo-responsive 

elastin-like polypeptide (ELP) and oligonucleotide (ON) diblock bioconjugates, ON-b-ELP, 

through copper-catalyzed azide-alkyne cycloaddition. The resulting thermo-sensitive diblock 

copolymer self-assembles above its critical micelle temperature (CMT~30°C) to form colloidally 

stable micelles of ~50 nm diameter. The ON-b-ELP micelles hybridize with an ON complementary 

strand and maintain their size and stability. Next, we describe the capacity of these micelles to bind 

proteins creating more complex structures using the classic biotin-streptavidin pairing and the 

specific recognition between a transcription factor protein (TF) and the ON strand. In both 

instances, the micelles are intact, form larger structures, and retain their sensitivity to temperature. 

 

Keywords: DNA, elastin-like polypeptide, diblock bioconjugates, self-assembly, supramolecular, 

thermosensitivity 
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Introduction 

Bioinspired and biomimetic materials are a keystone of modern research. Such materials 

are often constructed from synthetic polymers or one of the three natural biopolymers: 

oligonucleotides, polypeptides, or polysaccharides. The latter building blocks are useful owing to 

their advantageous properties such as molecular recognition and binding specificity, 

biocompatibility, and biodegradability. Within this class of materials, we are particularly interested 

in self-assembled nanoparticles and micelles,1–3 which adopt interesting structures, are 

compositionally complex or stimuli responsive (e.g., heat), and eventually present multivalent 

presentation of ligands.4–7 As a first step towards compositionally diverse functional micelles, we 

are constructing hybrid protein-oligonucleotide-polypeptides systems.  

Over the last decade, our group has developed and designed a specific class of 

biocompatible and biodegradable thermosensitive polymers, namely elastin-like polypeptides 

(ELPs).8–12 ELPs are biopolymers derived from the hydrophobic domain of (tropo)elastin and 

composed of repeating pentapeptide (VPGXG) units.13 Recombinant production from an artificial 

gene, in bacteria, provides exquisite precision in terms of sequence and molar mass. ELP sequences 

exhibit a lower critical solution temperature (LCST) in aqueous solution.14,15 Fully soluble and 

hydrated under a cloud point temperature (Tcp) at a specific concentration, ELP chains de-solvate 

and hydrophobically collapse above the Tcp.8,16 Currently, ELPs are widely explored for a variety 

of applications including protein purification,17–19 surface coating,20 tissue engineering,21–24 drug 

delivery,25–29 and more recently for biomimetic purposes for the design of protein vesicles, artificial 

cells, and membrane-less organelles.9,30–33 For these different applications, ELPs are combined 

with other macromolecules such as peptides, proteins, mono-, oligo- or polysaccharides, lipids, 

natural or synthetic polymers using different synthetic methods (i.e., recombinant technologies, in 

vitro post-translational modifications, or bioconjugation chemistry using natural or non-natural 

amino residues). 

ELP-oligonucleotide (ON) conjugates are rare with limited methodologies available. The 

first ON-b-ELP conjugation was achieved by the teams of Chilkoti and Schmidt.34 In this work, a 

46 bases ON (16.7 kg/mol) was conjugated at the N-terminal chain end of a 16.7 kDa ELP 

(VPGVG). Specifically, the free amine terminal end of the ELP was reacted with an N-

hydroxysuccinimmide-activated ON immobilized on solid support and, subsequently, cleaved after 

conjugation. This ELP exhibits a Tcp of 35°C-47°C, which depends on the ELP concentration. The 
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resulting ON-b-ELP bioconjugate did not assemble into micelles as the single ON strand was 

unable to stabilize the structure. However, once hybridized to its complementary sequence, the 

hyb-ON-b-ELP self-assembled into spherical micelles with a critical micelle temperature (CMT) 

of ~35°C. At 65°C, the hydrodynamic diameter of the micelles was ~39 nm and the radius of 

gyration ~26 nm (Rg/Rh = 0.7) suggesting that the structures obtained consists of aggregated small 

micelles.  

Recently, the group of Qian and Yang conjugated several commercially available azido-

terminated ON sequences (of 21 to 38 bases) to a short commercial hydrophobic ELP with the 

VPGFG sequence (MW = 476 g/mol) modified at the C-terminus by an aliphatic alkyne group.35,36 

A copper(I)-catalyzed azide-alkyne cycloaddition reaction in water/DMSO mixtures afforded the 

diblock bioconjugates, which were extracted by excision of electrophoresed SDS-PAGE gels. In 

their first work35, amphiphilic (VPGFG)6-b-ON and (VPGFG)6-b-complementaryON 

bioconjugates (ON from 21 to 38 bases) were hybridized together and formed 55-60 nm diameter 

vesicles. The vesicles were found sensitive to temperature and shrunk upon an increase in 

temperature, consistent with other ELP systems10. The vesicles encapsulated hydrophobic 

molecules (nile red, doxorubicin), opening the way for potential drug delivery applications. 

Building upon this success,36, they next investigated the influence of the ELP molar mass and the 

nature of the ON on the (VPGFG)y–b-ONx temperature and morphologies transitions. While 

(VPGFG)6–b-ON32 presented a CMT of 25 °C and the (VPGFG)5–b-ON32 at 33°C, the shorter 

block (VPGFG)4–b-ON32 did not show any phase transition, highlighting the importance of a 

significant hydrophobic block to stabilize the vesicles. Finally, they formed ~210 nm diameter 

vesicles at 4 °C (VPGFG)6–b-ON32 which changed morphology above the CMT to adopt a 

microdroplet shape.  

Herein we describe an efficient, facile, and straightforward methodology to chemically 

conjugate a high molecular weight ELP (42 kg/mol) to a short oligonucleotide (7.5 kg/mol) by 

copper(I)-catalyzed click chemistry. Surprisingly, none of the above studies used the molecular 

recognition of DNA in the ON-b-ELP as a targeting tool. Inspired by the work of Thayumanavan 

et al.,37,38,39 and Hamachi et al.,40, where micelles decorated with a small molecular ligand 

recognize a protein, we investigated whether ON-b-ELP micelles bind proteins. ON-b-ELP 

specifically recognizes a protein of interest as demonstrated via a classical molecular biotin-

streptavidin interaction as well as a transcription factor via a sequence dependent DNA binding 
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event. Importantly, protein binding does not disrupt the micelle and the micelle’s thermo-

responsiveness functionality remains intact supporting further research into increasingly complex 

biomimetic materials. 

 

Experimental 

Materials 

Azidoacetic N-hydroxysuccinimidyl ester, propargyl-N-hydroxysuccinimidyl ester, copper (II) 

sulfate pentahydrate, N,N,N,N’’,N’’-pentamethyldiethylenetriamine (PMDETA) were purchased 

from Sigma-Aldrich (FR) along with sinapinic acid and 3-hydroxypicolinic acid for MALDI mass 

spectrometry analyses. L-sodium ascorbate and N,N-diisopropylethylamine (DIPEA) were 

purchased from Alfa Aesar (FR). Amino- and biotin- modified oligonucleotides were purchased 

from Integrated DNA Technologies (BE) and solubilized in NaHCO3 0.1 M upon receival (see 

Table S1 for sequence details). All materials for analysis by electrophoresis were purchased from 

Biorad (FR) excepted for oligonucleotides length standards from Integrated DNA Technologies 

(BE). All solvents were purchased from VWR Chemicals (FR). ELP11,41 and SRTF142,43 were 

produced recombinantly in E. coli bacteria following previously reported procedures. Ultrapure 

water (18 MΩ-cm) was obtained by passing in-house deionized water through a Millipore Milli-Q 

Biocel A10 purification unit. HEPES buffer saline (HBS) was prepared with 2-[4-(2-

hydroxyethyl)piperazin-1-yl]ethanesulfonic acid at 25 mM in water with 150 mM sodium chloride 

and adjusted to pH 7.4 with NaOH 1M. 

 

Mass spectrometry (MALDI) 

Mass spectrometry analyses were performed at the CESAMO (Bordeaux, France) on an 

AutoflexmaX TOF mass spectrometer (Bruker Daltonics, Bremen, Germany) equipped with a 

frequency tripled Nd:YAG laser emitting at 355 nm. Spectra were recorded in the positive-ion 

mode and with an accelerating voltage of 19 kV. Different matrices and protocols were used 

depending on the nature of the sample. No calibration was performed. The starting ELP and ON 

served as reference for N3-ELP and ON-alk, respectively. The deposits and analyses were done in 

duplicate. 

Freeze-dried ELP and N3-ELP were dissolved in a mixture of water and acetonitrile (1:1) at 10 

mg/mL. Sinapinic acid matrix was prepared as a supersaturated solution (ca.10 mg/mL) in a 
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mixture of water/acetonitrile/trifluoroacetic acid (49.9:50:0.1). The solutions were combined in a 

20:2 or 18:2 volume ratio of matrix to sample. 1.5 to 2 µL of the resulting solution were deposited 

onto the sample target and vacuum-dried. 

ON and ON-alk were prepared at 10 mg/mL in H2O. In parallel a matrix of 3-hydroxypicolinic acid 

(3-HPA, 50 mg/mL in acetonitrile/ H2O (1:1)) was prepared. The sample was deposited on the 

analysis plate using the sandwich method: a matrix droplet was dried, followed by a droplet of 

oligonucleotide dried and then finally covered by another droplet of 3-HPA matrix. 

ON-b-ELP at 0.17 mg/mL in HBS+0.1% TFA was concentrated and desalted on a C18 Ziptip and 

eluted with 2µL of acetonitrile/ H2O (1:1). In parallel a matrix of 3-hydroxypicolinic acid (3-HPA, 

50 mg/mL in acetonitrile/ H2O (1:1)) was prepared. The sample was deposited on the analysis plate 

using the sandwich method: a matrix droplet was dried, followed by a droplet of ON-b-ELP dried 

and then finally covered by another droplet of 3-HPA matrix. 

 

Gel electrophoresis 

Gel electrophoresis analyses were carried on SDS-PAGE gels (BioRad MiniPROTEAN TGX, 

stain-free, 4%-20% gradient), on purified and un-purified samples. Around 2.5 µg of each sample 

were loaded on the gel in 10 µL of ultrapure water/Laemli (1/1). Electrophoresis was run using a 

Tris/Glycine/SDS buffer (Biorad), with a BioRad MiniPROTEAN® Tetra System device (25 mA, 

45 min). The gel was imaged with a BioRad GelDocTM EZ Imager. 

 

Absorption measurements 

Absorption measurements were performed on a UV5 Nano Mettler (Path = 0.1 mm or 1 mm) on 3 

µL samples at room temperature in order to determine ON or ON-b-ELP concentrations, using 

εON@260nm= 221,100 M-1cm-1. 

 

Dynamic light scattering (DLS) 

DLS experiments were carried out on a Horiba SZ-100 nanoPartica with a laser source at 𝜆𝜆 = 532 

nm and at a scattering angle of 90° and constant position in the cuvette (constant scattering 

volume). 15 µL samples were analyzed in quartz cuvette of 1.5 mm path. Three independent 

measurements of 3 runs of 10 sec were recorded. Temperature ramps were adjusted for each type 

of sample. For all the ramps, the temperature step was 2 °C and a 120 second-stabilization time 
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was applied between each temperature. The Count Rate (CR) was defined as the mean scattered 

intensity. This scattered intensity was plotted against temperature and the Tcp of the ELP, as well 

as the CMT of the diblocks, was defined at the point where the CR starts increasing. Hydrodynamic 

diameters (also called Z-average sizes - Dz) were calculated using the cumulant method based on 

the scattered intensity from the particles. 

 

Confocal microscopy 

Scanning confocal microscopy images were acquired on an inverted Leica TCS SP5 microscope 

equipped with an HCX PL APO 63X, NA 1.4 oil immersion objective in fluorescence mode. The 

laser outputs were controlled via the Acousto-Optical Tunable Filter (AOTF) and the collection 

window using the Acousto-Optical Beam Splitter (AOBS) and photomultiplicators (PMT) as 

follows: Nile Red was excited with a laser at 561 nm (12.5%) and measured with emission settings 

at 570-600 nm. The Helium-Neon laser at 633 nm (10%) was only used in transmission mode. 

Images were collected in simultaneous mode using a rate at 400 Hz and a resolution of 512×512 

pixels. 

In a typical experiment, 100 µL of sample at 0.17 mg/mL in HBS were prepared and 1 µL of Nile 

Red at 0.2 mg/mL in acetonitrile were added. 10 µL of the labelled solutions were injected in a 

homemade chamber (previously saturated with BSA at 10 mg/mL and intensively washed to 

prevent nonspecific adsorption of the particles on the glass slide). The samples were heated/cooled 

using a precise Peltier temperature-controlled microscope stage (Linkam, PE100) equipped with a 

Linkam PE95 digital temperature control unit. A rate of 5°C.min−1 for increasing and decreasing 

temperature was applied to all samples. To this chamber, 1 µL of the protein of interest (SA or 

BSA or SRTF1) was added above the CMT (at 40°C).  

 

Transmission Electron Microscopy (TEM). 

ON-b-ELP micelles (0.17 mg/mL in HBS) warmed at 37°C were deposited on formvar-coated 

copper grids in an oven at 37°C. After removal of the sample drop and air drying of the grid, uranyl 

acetate (3wt%) was deposited at room temperature onto the grids to contrast the objects. After 

removal of the contrasting agent drop and air drying of the grid, the objects were imaged on a 

Hitachi H7650 electron microscope (80 kV) located in the Bordeaux Imaging Center, France. 
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Synthesis of N3-ELP. 

To a solution of ELP[M1V3-100] (32 mg, 0.76 μmol) in DMF (2.7 mL) was added N,N-

diisopropylethylamine (1.05 μL, 6.1 μmol) and a solution of azidoacetic N-hydroxysuccinimide 

ester (0.75 mg, 3.81 μmol) in DMF (0.5 mL). The mixture was degassed with nitrogen then stirred 

for 2 days at room temperature. The solution was diluted with water (4 mL) then dialyzed for 2 

days against pure water in dialysis tubing (MWCO 10 kDa) (changing water 3 times per day, the 

two first baths at room temperature and the following at 4°C). The final product was obtained by 

lyophilization (white powder, 31.2 mg, 95% yield). N3-ELP was characterized by MALDI mass 

spectrometry using the starting ELP as reference. 

Theoretical ELP[M1V3-100] molar mass: 42,085 g/mol; Experimental m/z= 42,096 g/mol (z=1) 

Theoretical N3-ELP[M1V3-100] molar mass: 42,168 g/mol; Experimental m/z= 42,186 g/mol (z=1) 

 

Synthesis of ON-alk. 

To a solution of ON (1 mM, 10 mg, 1.3 µmol) in NaHCO3 at 0.1 mol.L-1 (1.3 mL) was added a 

solution of propargyl-N-hydroxysuccinimidyl ester (7.5 mg, 33 μmol) in DMSO (1.3 mL). The 

reaction mixture was stirred overnight at room temperature, then diluted with water (~5 mL) and 

dialyzed for 2 days against ultrapure water in dialysis tubing (MWCO 1 kDa) (changing water 3 

times per day, the two first baths at room temperature and the following at 4°C). The purified ON-

alk solution was concentrated by freeze-drying and the obtained white powder was recovered in 

ultrapure water at 500 µM in 75% yield. ON-alk was characterized by MALDI mass spectrometry 

using the starting ON as reference. 

Theoretical ON molar mass: 7,504 g/mol; Experimental m/z= 7,597.3 g/mol (z=1) 

Theoretical ON-alk molar mass: 7,614 g/mol; Experimental m/z= 7,785.4 g/mol (z=1) 

 

Synthesis of the ON-b-ELP bioconjugate.  

To a solution of N3-ELP (20 mg, 0.5 μmol) in DMF (1 mL) were added a solution of ON-alk (2.4 

mg, 0.3 μmol) in water (480 μL), 200 μL of triethylammonium acetate buffer at 2 mol/L and a 

solution of sodium ascorbate (2.9 μmol) in water (5 μL). The reaction mixture was degassed with 

N2 for 10 min then a solution of copper sulfate pentahydrate (1 μmol) and PMDETA (1 μmol) in 

water (5 µL) was added. A second degassing was performed with N2 for 10 min and the mixture 

was then stirred for 120 hrs at room temperature. At the end of the reaction, around 50% of the 
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ELP had reacted and was conjugated to the ON, implying a 75% reaction efficiency. The solution 

was next diluted with water (2 mL) and copper-sequestrant beads (Cuprisorb®) were added to the 

mixture, and dialyzed for 2 days against pure water (to remove small molecules and solvents from 

the reaction as well as the unreacted ON) in dialysis tubing (MWCO 25 kDa) (changing water 3 

times per day, 4°C). The solution of the bioconjugate was transferred to a 1.5 mL centrifugal tube 

and concentrated by ultracentrifugation (3 kDa, 30 min, 3800 rpm, 5°C) and. The retentate was 

subjected to a hot spin (1 min, 12,000 rpm, 30°C) to remove the unreacted N3-ELP (recovered in 

the pellet) from the ON-b-ELP bioconjugate (recovered in supernatant). The final concentration of 

the ON-b-ELP diblock was estimated by absorbance (taking εON@260nm= 221,100 M-1cm-1). 

Around 4 mL of the ON-b-ELP at 35 µM (1.7 mg/mL, 7.0 mg) were obtained with a 50% molar 

yield.  

Theoretical ON molar mass: 49,782 g/mol; Experimental m/z ~ 50,3 g/mol (z=1). 

 

Results and discussion 

Synthesis of the amphiphilic diblock ON-b-ELP bioconjugate 

 We recombinantly produced the temperature-responsive ELP[M1V3-100], with the primary 

sequence MW-[(VPGVG)(VPGMG)(VPGVG)2]25 and of 42 kDa molar mass,  in Escherichia coli 

(E. coli) bacteria following previously reported procedures.41 We selected this 100 repeat unit-ELP 

(ELP[M1V3-100], simply designated as ELP going forward) because of its thermo-responsive 

properties, namely the range and minimal dependence of its cloud point temperature (Tcp) versus 

molar concentration,41 and the range of critical micelle temperature (CMT) when conjugated to a 

hydrophilic block.10 This ELP displays a sub-ambient lower critical solution temperature (LCST)41, 

and a cloud point temperature (Tcp) of 25 °C at a concentration of 3.2 µM in HEPES buffer saline 

pH 7.4 (HBS). 

 

 

Next, we identified the oligonucleotide (ON) sequence as bioconjugate’s hydrophilic 

segment to ensure high water solubility and protein molecular recognition. More precisely, the ON 

sequence (24 bases, 7.5 kDa, Table S1) comprises a 20 base-cognate binding region to a known 

transcription factor (TF) protein,42,43 and is equipped with four additional thymine nucleotides at 

the 5’ extremity to act as spacer with the ELP block and reduce steric hindrance between the ON-
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b-ELP micelles and the TF. We purchased this ON with an hexylamine linker at the 5’ extremity 

for subsequent coupling to the ELP. 

 

We performed the Cu(I)-catalyzed azide-alkyne Meldal44/Sharpless45 cycloaddition 

(CuAAC) reaction to prepare the diblock ON-b-ELP bioconjugate in water. To accomplish this, 

we installed an azido group at the N-terminal chain end of the ELP via an amidation reaction using 

azidoacetic N-hydroxysuccinimide ester in DMF (Figure 1A). In parallel, we introduced an 

aliphatic alkyne group at the 5’amino-ON by an amidation reaction using propargyl-N-

hydroxysuccinimidyl ester in a DMSO/NaHCO3 0.1 M (1:1) mixture (Figure 1B). MALDI-TOF 

mass spectrometry confirmed the functionalization of each block (Figure 1C). 

 
Figure 1. A. Synthetic scheme to access the azido-terminated ELP (N3-ELP). B. Synthetic scheme to access the alkyne 

functionalized ON (ON-alk). C. MALDI-TOF mass spectra of both biopolymers. Left: N3-ELP (green, m/z = 42,186 

https://doi.org/10.1021/acs.biomac.3c00662
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g/mol for z=1 and 21,075 g/mol for z=2) and initial ELP (black). Right: ON-alk (grey, m/z=7,785 g/mol) and initial 

ON (black). 

Finally, we synthesized the ON-b-ELP bioconjugate using the CuAAC reaction under inert 

atmosphere (in order to avoid ELP oxidation in particular at methionine residues) in a mixture of 

water and DMF (1:2) and with a 1.7-fold excess of N3-ELP (Figure 2A). We monitored the reaction 

by gel electrophoresis (SDS-PAGE) analysis, and by day 4 the reaction had stopped progressing 

with approximately 50% of the N3-ELP reacted. We then added copper-sequestrants beads to the 

reaction mixture and dialyzed the filtrate at 4 °C against ultrapure water using 25 kDa dialysis 

tubing to remove the unreacted ON-alk and other chemical reactants. The solution was then 

concentrated with a centrifugal filter unit and subjected to a hot spin (30°C) to separate the 

unreacted N3-ELP (aggregated in the pellet) from the ON-b-ELP bioconjugate (dispersed in the 

supernatant). We confirmed success of the reaction and purification procedure by MALDI-TOF 

and SDS-PAGE analysis as illustrated in Figures 2B and S1. 

Noteworthy, the click reaction used here involves an ELP functionalized at the N-terminus 

with an azido group, while our team previously used alkyne-terminated ELPs for coupling to azido-

functionalized hydrophilic blocks.11,12 The coupling efficiency herein is similar to the alternative 

coupling procedure previously explored (80-90%), highlighting the versatility of the CuAAc 

reaction in the synthesis of amphiphilic diblock bioconjugates. Although we see excellent utility in 

this CuAAc reaction, we recognize the significant advancements in Cu-free click chemistry46,47 

and this is another synthetic approach one should consider in preparing such ON conjugates.     
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Author version of article published in ACS Biomacromolecules 2023 DOI: 10.1021/acs.biomac.3c00662 

12 
 

 
Figure 2. A. Synthetic scheme of the ON-b-ELP bioconjugate. B. Stain-free SDS-PAGE (4-12% gradient) gel. M: 

Protein size marker (kDa); Line 1: N3-ELP; Line 2: reaction mixture after dialysis; Line 3: Pellet after the hot spin 

(unreacted excess N3-ELP); Line 4: Supernatant after the hot spin (purified ON-b-ELP bioconjugate). 

 
Temperature-triggered self-assembly of the ON-b-ELP bioconjugate and micelle hybridization 

with a complementary ON strand 

We monitored the temperature response of the ON-b-ELP by dynamic light scattering 

(DLS) in HBS. We first investigated the influence of the bioconjugate concentration on the CMT 

(Figures S2 and S3). From 0.02 mg/mL (0.4 µM) to 0.77 mg/mL (15 µM), all the amphiphilic ON-

b-ELP diblocks are temperature-responsive, with CMT ranging between 28 and 30°C. These higher 

CMTs as compared to the Tcp of the starting ELP are consistent with the conjugation of a highly 

hydrophilic ON block to the ELP.11,12 At all concentrations, nanoparticles formed above the CMT 

are highly monodisperse with a Z-averaged hydrodynamic diameter (Dz) of 46±2 nm at 37±1 °C 

(n=6 for each set of measurements, size dispersity < 0.1) (Figure S3). For the remainder of this 

study, we performed experiments at 0.17 mg/mL (3.4 µM, Figures S2, S3, S4) of ON-b-ELP 

bioconjugate to ensure quality DLS data, in particular the scattered light intensity, and to use 

minimal amount of materials. At 3.4 µM, the CMT of the bioconjugate is around 30°C. The 

transition between soluble ON-b-ELP chains in HBS buffer below the CMT, to nanoparticles above 

the CMT, is reversible with very low hysteresis (Figures S2, S3) and occurs over a larger 

temperature range (between 30 °C and 45 °C) (Figures S2, S3 and Figure 3B). For comparison, the 

ELP alone, at similar molar concentrations, displays a sharp temperature transition (between 25 °C 

and 30 °C) with a CMT of 25 °C and forms reversible disperse coacervates of 100-1000 nm 
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(Figures 3B and S5). These data are consistent with previous studies performed on micellar 

structures of polysaccharide-b-ELPs, where the introduction of the hydrophilic block stabilizes the 

coacervates formed by the ELPs.11,12 Consequently, ON-b-ELP bioconjugates likely self-assemble 

above the CMT into spherical micellar nanoparticles with the ELP aggregated in the core and the 

hydrophilic ON displayed on the outer shell insuring the colloidal stability of the resulting 

nanoparticles. We confirmed the formation of these micelles by Transmission Electron Microscopy 

(Figure S6) using uranyl acetate as a contrast agent. The spherical nanoparticles with a dry core 

diameter are around 35 nm in diameter. In addition, we performed confocal microscopy imaging 

(Figure S7). Specifically, we labelled the ON-b-ELP micelles with the lipophilic Nile Red dye and 

deposited them on a glass slide. Above the CMT, ON-b-ELP micelles clearly appear as small red 

dots (Figure S7 right image), while below the CMT, ON-b-ELP bioconjugates are barely visible 

and only a diffuse red fluorescence background is detected (Figure S7 left image). 
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Figure 3. A. Representative scheme of the ON-b-ELP self-assembly into micelles above the CMT and hybridization 

with a complementary biotinylated ON strand (bt-hyb-ON-b-ELP). B. Normalized scattering intensity (count rates) 

and C. Z-averaged hydrodynamic diameter measured of the diblocks at 3.4 µM by DLS at different temperatures in 

HBS. Each measurement was performed three times and all the raw data are plotted.  

Next, we hybridized the micelles of ON-b-ELP at 0.17 mg/mL in HBS with a 

complementary ON sequence tagged with a biotin group at the 5’ extremity (Table S1). We mixed 

the ON-b-ELP at room temperature with one molar equivalent of the ON complementary 

(regarding the ON-b-ELP chains), followed by increasing the temperature to 60 °C for 15min (i.e., 

above the CMT=30 °C of the ON-b-ELP and the Tm=56 °C of the ON), and then slowly cooled the 

sample to room temperature. Note that at 37 °C, we are 20 °C below the Tm of the ON, ensuring 

that ON is hybridized with its complementary strand. Hybridization affords the bt-hyb-ON-b-ELP 

micelles with a hydrodynamic diameter of 46±2nm at 37±1 °C (n=6) (Figures 3B and 3C, S8).  

 

Specific biorecognition and aggregation of bt-hyb-ON-b-ELP micelles with streptavidin 

https://doi.org/10.1021/acs.biomac.3c00662
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Given the well-established streptavidin-biotin affinity, we next evaluated the 

biorecognition of bt-hyb-ON-b-ELP micelles to streptavidin (SA, 53 kDa, isoelectric point – pI~5) 

(Figure S9). We added SA at a final concentration of 4 µM (1.25 mol equiv. to biotin) to a 

dispersion of bt-hyb-ON-b-ELP micelles (0.17 mg/mL, 3.4 µM) in HBS at 37°C. In less than 10 

min, we observed a strong increase of the scattered light intensity and a gradual increase of 

hydrodynamic diameters of particles in the dispersion (Figure S9B). Autocorrelation curves of the 

micelle dispersions also shift to longer delay times in the presence of SA, consistent with an 

increase in size, while remaining unchanged in the presence of bovine serum albumin (BSA, 66 

kDa, pI ~ 4.7) used as control (Figure S9C). All these observations support the formation of bt-

hyb-ON-b-ELP micelle aggregates in the presence of SA. We then applied a cooling and a heating 

temperature ramp to these aggregates and performed DLS. Although the hydrodynamic diameter 

indicates the presence of micrometer-sized objects (Figure S9D), the scattered light intensity still 

shows a clear shift around 30 °C (Figure S9E) with a ~10 fold increase in intensity. This result is 

consistent with increased contraction of the ELP cores due to their dehydration,8 which suggests 

that the SA-aggregated bt-hyb-ON-b-ELP micelles still respond to temperature. 

As before, we also confirmed the formation of these aggregates by confocal microscopy 

imaging (Figure S10). We labeled bt-hyb-ON-b-ELP micelles with the lipophilic Nile Red dye and 

deposited on a glass slide. In the presence of SA, micrometric aggregates are clearly visible, (Figure 

S10B right image) while bt-hyb-ON-b-ELP micelles alone (3.4 µM) appear as small individual red 

dots (Figure S10B left image).  

 

Transcription factor-induced aggregation of hyb-ON-b-ELP micelles 

We then investigated the specific recognition of these biomimetic micelles to a protein. We 

are particularly interested if the presence of the protein will destabilize the micelles by shifting the 

hydrophilic-lipophilic balance. Moreover, there are very few examples of colloids recognizing 

proteins, and, those that do, rely on a small molecule-protein affinity (as the well-known biotin-

streptavidin). Indeed, beyond the simple molecular recognition of biotin and streptavidin, the hyb-

ON-b-ELP micelles possess a DNA encoding sequence, which enables sequence-specific 

recognition of a transcription factor (TF). TFs play an important role in biology as gene-regulating 

proteins and are in fact an example of a natural hybrid oligonucleotide-protein system. We selected 

https://doi.org/10.1021/acs.biomac.3c00662
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the TF SRTF1 (22 kDa, pI ~5.4), which mediates the ketosteroid-dehydrogenase gene and 

specifically binds to a 20 bp palindromic sequence.42 

For these experiments, we hybridized the ON-b-ELP micelles with a non-biotinylated 

complementary strand (Table S1) to obtain hyb-ON-b-ELP. The absence of biotin at the 5’ 

terminus of the complementary strand does not significantly change the behavior of the micelles 

(Figure 4). The hyb-ON-b-ELP bioconjugate exhibits a CMT of around 30 °C in HBS at 3.4µM 

and forms, above the CMT, micelles with a hydrodynamic diameter of 49±2 nm at 37±1°C (Figure 

S11). Interestingly, at 37°C, micelles of bt-hyb-ON-b-ELP and hyb-ON-b-ELP possess a slightly 

larger hydrodynamic diameter than ON-b-ELP, 46±2nm and 49±2 nm respectively, while the CMT 

remains at ~30°C (Figure 3C). The hydrodynamic diameter is slightly smaller for biotin (bt) version 

of the ON and unexpected. One possible explanation may be that the bt confers more hydrophocity 

to the structure and results in a more collapsed structure. Future studies will look into this change 

and what other ODN modifications give such a result. To the hyb-ON-b-ELP micelles at 3.4 µM 

and 37±1 °C, we sequentially added SRTF1. At 0.12 µM SRTF1, no significant change occurs, the 

autocorrelation function is still neat and the hydrodynamic diameter of the micelles is around 50±2 

nm. At 1.2 µM SRTF1, i.e. ~0.4 molar equiv. with respect to the ON, there is still no change in the 

autocorrelation function. However, upon closer observation of the data, the scattered light intensity 

increases from around 1,500 kCPs to 2,500 kCPs; a hallmark of the formation of larger objects. In 

agreement with the increase of the scattering intensity, the hydrodynamic diameter of the micelles 

also slightly increases to 58±3nm. Finally, upon addition of 12 µM SRTF1, the autocorrelation 

curve shifts toward longer delay times. This change is accompanied with a 3.5-fold increase in the 

scattered intensity (count rates) and aggregates of 720±170 nm in size. Similarly to our previous 

observations with the [SA(bt-hyb-ON-b-ELP)] aggregates, hyb-ON-b-ELP micelles decorated 

with SRTF1 are still thermally-responsive (Figure 4 C-D). More importantly, despite the presence 

of the hydrophilic SRTF1 protein bound to the hyb-ON-b-ELP, the bioconjugate maintains similar 

temperature-responsiveness. DLS control experiments (Figure S12) performed on SRTF1 alone, 

SRTF1+ON, or HBS do not show any change with temperature, confirming the role of the ELP in 

this transition.  
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Figure 4. A Representative scheme of the hyb-ON-b-ELP self-assembly into micelles above the CMT and aggregation 

upon SRTF1 addition. To a dispersion of hyb-ON-b-ELP micelles at 3.4 µM (0.17 mg/mL – green points) in HBS, 

sequential additions of SRTF1 (up to 0.12 µM - blue, 1.2 µM-purple, and 12 µM-red points) were performed. B. 

Autocorrelation functions at 37±1 °C (standard deviation error bar on n=3). C. Scattered light intensity (count rates) 

and D. Z-averaged hydrodynamic diameters of hyb-ON-b-ELP micelles with increased concentrations of SRTF1 as 

measured by DLS at different temperatures in HBS. For each temperature, the n=3 points are represented on graphs C 

and D. 

Finally, we confirmed aggregates formation using confocal microscopy. We labeled 

micelles of hyb-ON-b-ELP at 3.4 µM at 40 °C with Nile Red and then added SRTF1 at 12 µM 

(Figure 5 left panel). As with the SA system, we observed micrometric aggregates appearing, once 

again confirming the specific recognition of the micelles to the target transcription factor. 

https://doi.org/10.1021/acs.biomac.3c00662
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Figure 5. Confocal microscopy images of hyb-ON-b-ELP (3.4 µM) stained with Nile Red in HBS at 40 °C (left) and 

upon addition of SRTF1 (12 µM - right). Inverted colors image. 

 

Conclusions 

We describe the successful synthesis and purification of hybrid oligonucleotide-b-elastin-like 

polypeptide (ON-b-ELP) diblock bioconjugates. These conjugates self-assemble into 46±2 nm 

sized micellar structures at 37 °C in HEPES buffer saline. Upon hybridization with a 

complementary ON strand, the ON-b-ELP bioconjugate and micelles retain their thermal properties 

and hydrodynamic diameters. The ON component of the ON-b-ELP bioconjugate and micelles 

provides a handle for additional supramolecular formation via complexation with a protein using 

either a classical biotin-streptavidin interaction or the transcription factor SRTF1. The micelles 

remain intact after protein binding in contrast to previous reports,37–40 where the presence of the 

protein destabilizes the micelles. Further, despite the high molar mass of the [protein(hyb-ON-b-

ELP)] assemblies, the ELPs are temperature responsive with a Tcp around 30°C. These two later 

findings provide a strategy to synthesize increasing complex functional micelles using 

oligonucleotides, polypeptides, and proteins. While intense research efforts are ongoing to study 

oligonucleotides-peptides coacervates,48 or polyelectrolytes complex micelles,49 there are few 

examples of such purely bio-based soft aggregates induced by a specific bio-recognition. Such 

https://doi.org/10.1021/acs.biomac.3c00662
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biomimetic micelle recognition is likely of interest for the fabrication of larger supramolecular 

assemblies as well as for potential biomedical applications such as protein capture for sensing. 

 

Supporting Information 

Oligonucleotides sequences, complementary MADI-TOF, dynamic light scattering, transmission 
electron microscopy and confocal microscopy measurements on ELP, ON-b-ELP, hybON-b-ELP 
with/without protein addition are available in the supporting information. 
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Table S1. Sequences of oligonucleotides used in this study  

ON Sequence Bases MW 

(g/mol) 

Tm*  

(°C) 

ON-NH2 /5AmMC6/TTTT AAC TAG CCG TTC GGC TAG TT 24 7504 56.4 

Bt-hybON /5Biosg/AA CTA GCC GAA CGG CTA GTT 20 6519 56.2 

hybON /5/AA CTA GCC GAA CGG CTA GTT 20 6126 56.2 
* Melting Points values are given by the ON supplier, and corresponds to theorical values in 50 mM NaCl. 

 

 

 

Figure S1 MALDI-TOF mass spectra of the ON-b-ELP (m/z~50,3 kg/mol) 
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Figure S2. Scattered light intensity (count rates) of ON-b-ELP measured by DLS at different 

temperatures and concentrations in HBS (n=3). The red points correspond to a rise in temperature, 

while the blue points correspond to a fall. The data for the concentration used for the rest of the 

study (0.17 mg/mL) are highlighted with a black frame.  
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Figure S3. Z-averaged hydrodynamic diameters of ON-b-ELP measured by DLS at different 

temperatures and concentrations in HBS (n=3). As an indication, averaged Dz (± standard deviation 

on n=6) and dispersity indexes in brackets are indicated on the curves, above the CMT. The red 

points correspond to a rise in temperature, while the blue points correspond to a fall. The data for 

the concentration used for the rest of the study (0.17 mg/mL) are highlighted with a black frame. 
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Figure S4. Left: Auto-correlation profiles of the ON-b-ELP (0.17 mg/mL, 3.4 µM) at 22°c or 38°C 

in HBS. Error bar on n=3. Right: Size distribution of the ON-b-ELP (0.17 mg/mL, 3.4 µM) micelles 

at 38°C, Dz = 46±1 nm (dispersity < 0.1). 

 

Figure S5. Auto-correlation profiles of the ELP (0.13 mg/mL, 3.1 µM) at 22°c or 38°C in HBS. 

Error bar on n=3. 
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Figure S6 Transmission Electron Microscopy images of ON-b-ELP deposited on a copper grid at 

37°C and stained with uranyl acetate.  

 

Figure S7. Confocal microscope images of ON-b-ELP at 3.4 µM, labelled with Nile Red, below 

(left) and above (right, T=40°C) the CMT in HBS. Colors are inverted so that the black points 

represent the fluorescent species with a dark (white) background.  
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Figure S8. Scattering intensity (count rates) measured by DLS of ON-b-ELP (left) and bt-hyb-ON-

b-ELP for a heating (plain symbols) and cooling (empty symbols) ramps in HBS. Diblocks are 

analyzed at 0.17 mg/mL, i.e., 3.4 µM.  
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Figure S9 A. Illustration of bt-hyb-ON-b-ELP micelles aggregation by addition of streptavidin 

(SA). B. After addition of SA (4 µM) to bt-hyb-ON-b-ELP (3.4 µM), following of the aggregates 

formation over 60 min at 37±1°C in HBS.C. Auto-correlation profiles of the micelles (0.17 mg/mL, 

3.4 µM) at 37±1°C in HBS in different conditions (SA and/or BSA proteins are added to a final 

concentration of 4 µM each). D and E temperature slopes on bt-hyb-ON-b-ELP after SA addition 

at 37±1°C in HBS. 
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Figure S10 A. Bt-hyb-ON-b-ELP micelles are labelled with the Nile Red lipophilic probe Addition 

of streptavidin to bt-hyb-ON-b-ELP implies aggregation of the micelles. B. Confocal microscopy 

above the CMT (T=40°C). Left: micelles of bt-hyb-ON-b-ELP at 3.4 µM. Right: Addition of SA 

(10 µM) to the sample and observation of bigger aggregates. Colors are inverted so that the black 

points represent the fluorescent species with a dark (white) background.   
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Figure S11. Left: Auto-correlation profiles of the hyb-ON-b-ELP (0.17 mg/mL, 3.4 µM) at 22°c 

or 36°C in HBS. Error bar on n=3. Right: Size distribution of the hyb-ON-b-ELP (0.17 mg/mL, 3.4 

µM) micelles at 36°C, Dz = 49±2 nm (dispersity = 0.15). 

 

 

Figure S12 Light scattering intensity of solutions without ELP: SRTF1 at 10 µM, SRTF1+ON-

NH2 at 10 µM, HBS.  

 

 

 

 

 

 

 


