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Abstract 

To achieve the desired therapeutic response, drug delivery systems must ensure the controlled release 

of its loaded content at the targeted site. One possible strategy relies on the improvement of conventional 

drug delivery systems. To do so, smart polymers, able to change their behavior upon chemical, physical 

or biological stimuli, can be used. In this context, this study aims to evaluate the potential of a natural 

amphiphilic smart elastin-like polypeptides grafted with alkyl chains (ELP-g-Bu) to stabilize 

conventional oil in water emulsions and trigger the release of loaded molecules upon dual stimuli. With 

butyl pendant chains and methionine residues, the macromolecular surfactant ELP-g-Bu demonstrated 

a modification of physico-chemical properties, looking at critical aggregation concentration, upon both 

temperature and oxidation stimuli. The macromolecular surfactant was then able to stabilize a paraffin 

oil in water emulsion. The ELP-g-Bu emulsion presented a droplet size of 9 ± 1 µm and stability for at 

least a month at 4 and 25 °C. After a successful loading of fluorescent lipophilic molecule used as drug 

model, a complete destabilization of the ELP-g-Bu emulsion and burst release of the content was 

achieved with thermal triggering at 42 °C. In oxidative conditions, a partial release was measured which 

can be improved by increasing the number of oxidable thioether groups. Overall, these dually-responsive 

amphiphilic ELP-g-Bu demonstrated its potential for smart polymer-based drug delivery systems that 

can be promising for inflammatory diseases treatment as increased temperature and radical oxygen 

species are present in such cases. 
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1. Introduction 
Emulsions are amongst the most commonly used formulations in a wide variety of applications such as 

for food1, pharmaceutics2, or cosmetics3. Composed of two immiscible phases dispersed and stabilized 

by  surfactant as emulsifier, they can encapsulate and protect hydrophobic or hydrophilic molecules with 

respectively oil-in-water (O/W) and water-in-oil (W/O) emulsions, with excellent control over droplets’ 

size and size distributions2. The amphiphilic surfactant plays a key role for the emulsion stability through 

surface activity and structure formation at the interface between the two phases3. Moreover, the 

surfactant can be engineered to provide emulsions with controlled release properties of the loaded active 

molecule(s). For instance, properly designed smart polymers are able to trigger molecule release upon 

various external stimuli4–6. In fact, changes in the physico-chemical properties of surfactants upon 

specific stimuli, can strongly impact related properties such as surface activity, polarity or solubility. 

Therefore, in emulsions, these drastic modifications can trigger interactions between droplets and lead 

to droplets’ destabilization and demulsification causing drug release7. A wide variety of stimuli have 

been explored. They mostly fit into three main categories i) physical stimuli such as temperature, light, 

magnetic or electrical fields8, ii) chemical stimuli such as pH, CO2 content, salt, radical oxygen species 

(ROS), and iii) biological stimuli with enzymes/receptors, antigens, ligands or biomolecules9. 

Combinations of different stimuli have also been reported. For instance, dually responsive emulsions 

based on smart polymers that can respond to two different stimuli have been described to trigger drug 

release9. For example, Dong et al. combined pH and UV blue light stimuli to trigger morphological 

change of a double emulsion of heptane/perfluorohexane/water thanks to the surfactant 1-[2-(4-

decylazobenzene-phenoxy)-ethyl]-1-diethylenetriamine. Indeed, the addition of HCl induced the 

protonation of the amine group and UV irradiation the azobenzene group change from trans to cis state; 

causing in both cases the destabilisation10.  

Overall, two main family of stimuli-responsive polymers for emulsion applications have been described 

in the literature7, either based on natural biopolymers (such as proteins or nucleic acids) that can be 

isolated and chemically modified, or purely synthetic ones containing appropriate functional groups 

responding to the stimuli. Among bioinspired smart polymers, elastin-like polypeptides, also called 

ELPs, are intrinsically disordered recombinant protein polymers, constituted of repeating [-Val-Pro-

Gly-Xaa-Gly-] pentapeptide units (i.e., -VPGXG-)11. ELPs possess several advantageous properties 

such as biocompatibility, biodegradability, non-immunogenicity and are thermally responsive12. Indeed, 

they present a reversible soluble-to-insoluble phase transition with a lower critical solution temperature 

(LCST) behavior. The latter allows their isolation and non-chromatographic purification from bacterial 

lysates,13,14 and additionally provides a means to trigger their reversible self-assembly in aqueous 

conditions upon the application of external stimuli (e.g., local temperature, addition of co-solutes)15. 

Therefore, ELPs are highly attractive biopolymers for biomedical applications such as drug delivery 

with ELP-drug conjugates, hydrogels or nanoparticles16–19. More especially, properly designed ELPs 

https://dx.doi.org/10.1021/acs.bioconjchem.4c00412
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can self-assemble into micelles20 or vesicles21–23, and be exploited as biocompatible drug 

nanocarriers24,25, as well as bioactive nano-objects26–28. However, molecular and bacterial cloning steps 

can be long and tedious, somehow limiting the rapid access to a large variety of ELPs with different 

macromolecular characteristics. Therefore, one strategy to overcome these issues relies on a dual 

biotechnological and chemical approach consisting in the engineering of recombinant ELP scaffolds and 

in their subsequent post-modifications by synthetic bioorthogonal reactions to readily access a wide 

variety of ELP-based bioconjugates. In particular, a library of recombinant ELPs containing regularly 

spaced methionine as guest residue (X) in (VPGXG) repeat units was engineered (ELP[M1V3-n], n=20-

100) in our group29, and chemoselective alkylation reactions at the thioether group of methionine were 

applied30,31 to access various ELP bioconjugates (e.g., glycopolypeptides32,33, lipopolypeptides21, 

cationic polypeptides34,35) for different applications. Chemical oxidation of methionine thioether group 

was also evidenced to have a major impact on the physico-chemical properties of a designed ELP34. 

While native methionine residues confer a hydrophobic character to an ELP chain (low cloud point 

temperature, Tcp), oxidation of the thioether group into sulfoxide drastically increases the hydrophilicity 

of the polypeptide and therefore leads to a high Tcp
36. In a previous study, our group has taken advantage 

of this property to design a ROS-responsive ELP bioconjugate37 allowing the disassembly of micellar 

coacervates at 37 °C into individual micelles upon light irradiation and ROS generation. 

In the present study, the potential of a dually-responsive amphiphilic ELP to stabilize emulsions and 

control the release of loaded molecules upon external stimuli was evaluated. To this aim, a new ELP 

derivative was synthesized from the ELP[M1V3-80] scaffold grafted with butyl pendant chains at the 

side chain of all methionine residues (ELP-g-Bu) to obtain surfactant properties. In particular, the critical 

aggregation concentration (CAC) of ELP-g-Bu was determined in different media and different 

temperature conditions. The impact of thioether groups’ oxidation onto physico-chemical properties was 

also evaluated to anticipate the potency of an oxidative stimulus to destabilize ELP-g-Bu-based O/W 

emulsions. After a screening of the emulsion composition ratio and process parameters, the selected 

ELP-g-Bu stabilized emulsion was studied for the triggered release of loaded molecules upon heating at 

physio-pathological temperature and ROS-mediated oxidation of the macromolecular surfactant. 
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2. Materials and Methods 

1. Materials 
Butyl glycidyl ether (TCI, 98 %) and ammonium 1-pyrrolidinedithiocarbamate (APDC, Acros Organics, 

98 %) were used as received. Glacial acetic acid (AcOH, Sigma-Aldrich, 99 %), hexafluoroisopropanol 

(HFIP, abcr, 99%), methanol (MeOH, VWR chemicals), ethanol (EtOH, VWR chemicals) and 

acetonitrile (Fisher Scientific, 99.8 %) were used as received without additional purification. Ultrapure 

water (18.2 MΩ·cm-1) was prepared using a Millipore Milli-Q system. Amicon Ultra-15 Centrifugal 

filter tubes were used for the purification of ELP derivatives. Phosphate Buffer Saline (PBS) tablets at 

150 mM were purchased from Sigma (Saint-Louis, USA) and provide, upon appropriate solubilization, 

137 mM sodium chloride NaCl, 2.7 mM potassium chloride KCl and 10 mM phosphate buffer solution 

(pH= 7.4). Hydrogen peroxide (30 % H2O2 in water), liquid paraffin, paraffin oil, Nile red and 

fluorescein isothiocyanate (FITC) were purchased from Sigma Aldrich (Saint-Louis, USA). Dialysis 

tubbings were obtained from Spectrum Labs (San Francisco, USA). Microscope slides and cover slides 

were respectively purchased from Labsolute (Braunschweig, Germany) and Knittel glass (Renningen, 

Germany). 

ELP[M1V3-80] (Figure 1A) was produced recombinantly in Escherichia coli and isolated by inverse 

transition cycling following previously reported procedures29.  

2. Methods 

Elastin-like polypeptide derivatives synthesis 
Synthesis of ELP-g-Bu(S+) 

The synthesis of the ELP-g-Bu(S+) intermediate was performed adapting a previously published 

procedure (Figure 1B)30. ELP[M1V3-80] (1 equiv.) was dissolved in AcOH/HFIP (9:1) mixture at a 

concentration of 10 mg/mL and flushed with argon for 20 min. Then butyl glycidyl ether (10 equiv./Met, 

i.e., 210 equiv.) was added. The reaction was left at room temperature for 48 hours and most of the 

solvent was evaporated under vacuum to get a viscous solution. The latter was diluted with cold water 

and then transferred to centrifugal filter tubes which were previously washed with 10 % EtOH aqueous 

solution. The solution was washed with water for several centrifugation cycles and finally lyophilized 

to obtain ELP-g-Bu(S+) as a white solid. Yield > 75 %. The compound was analyzed by 1H NMR (400 

MHz, D2O) and SEC (Figure S1) with the following attribution 1H NMR (D2O, 400 MHz): δ(ppm) = 

4.50–4.37 (m, 160 H, CHα Val and Pro, VPGXG), 4.23-4.14 (m, 80.5 H, CHα Val, VPGVG and -CH-

(OH)), 3.06-2.93 (m, 61.5 H, S+-CH3), 1.64-1.51 (p, 41 H, -O-(CH2)-CH2-), 1.41-1.29 (h, 41 H, -O-

(C2H4)-CH2-). 

 

Synthesis of ELP-g-Bu 

https://dx.doi.org/10.1021/acs.bioconjchem.4c00412
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The demethylation of ELP-g-Bu(S+) was achieved following a previously reported procedure (Figure 

1B)30. In brief, ELP-g-Bu(S+) (1 equiv.) was dissolved in 75 % (v/v) EtOH aqueous solution at a 

concentration of 10 mg/mL and flushed with argon for 20 min. Then, APDC (5 equiv./Met, i.e., 105 

equiv.) was added and the reaction was stirred at room temperature for 24 hours. The reaction mixture 

was then transferred into dialysis tubbings (MWCO = 1 kDa) and dialyzed first against 50 % MeOH 

(aq.) for 24 hours and then against ultrapure water for 24 hours with three changes of each solvent. 

Finally, the solution was lyophilized to obtain ELP-g-Bu as a white powder. Yield > 65 %. The 

compound was analyzed by 1H NMR (400 MHz, D2O) and SEC (Figure S1).  

Synthesis of the control compound ELP-g-Bu(SO) 

ELP-g-Bu was dissolved in 30 % H2O2 in aqueous solution at 0 °C for 30 min in order to oxidize the 

thioether groups into sulfoxide. Few drops of 1 M sodium thiosulfate aqueous solution were then added 

to the solution to quench the reaction before transferring into dialysis tubbing (MWCO = 3.5 kDa). The 

solution was dialyzed against ultrapure water for 48 hours with two changes of water per day. The 

solution was then lyophilized to obtain ELP-g-Bu(SO) as a powder. 1H NMR (400 MHz, D2O) analysis 

was performed to confirm oxidation and determine the percentage of ELP oxidation (Figure S2).  

ELP-g-Bu(SO) intermediates with various degrees of oxidation were also synthesized by tuning the 

amount of H2O2. These were analyzed by 1H NMR (400 MHz, D2O) (Figure S2). Firstly, the resonance 

peak at 4.2 ppm was used for calibration (integral set at 160). The degree of oxidation of each 

intermediate was then determined by calculating the ratio of the integral (AUC) of the shifted resonance 

peaks of interest at 3.0-2.7 ppm (l’, t’) of the oxidized species and the AUC of the peaks at 2.5-2.3 ppm 

(l, t) for the non-oxidized compound (ELP-g-Bu, AUC of 82). 

1H NMR spectroscopy 
1H NMR spectra were recorded with a Bruker AVANCE III HD equipment (Liquid-state 400 MHz 

NMR spectrometer with 5 mm BBFO probe). Deuterated water (D2O, Euriso-top, 99.9 %) was used as 

solvent. 

Size exclusion chromatography 
Samples were analyzed on an Ultimate 3000 system from Thermo Scientific equipped with a diode array 

detector (DAD). The system also includes a multi angle light scattering detector (MALS) and a 

differential refractive index detector (dRI) from Wyatt Technology. Samples were separated on one TSK 

G3000HHR (7.8*300) column and one TSK G2000HHR (7.8*300) column. Analyses were performed 

at a flow rate of 0.5 mL·min-1 and dextran was used as standard. 

Critical aggregation concentration determination by Nile Red and pendant drop method 
The determination of the critical aggregation concentration (CAC) was first conducted using the Nile 

red fluorescence probe. To measure the CAC values of the different ELP derivatives, their solution in 

https://dx.doi.org/10.1021/acs.bioconjchem.4c00412
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water and PBS at different concentrations were firstly prepared. Then, 1 µL of 0.1 mg/mL Nile red 

solution in acetonitrile was added to 500 µL of ELP derivative solution, leading to a final concentration 

of Nile red was 0.2 µg/mL. All samples were then subjected to fluorescence measurements upon a 

temperature ramp from 4 to 50 ℃ with an interval of 2 ℃. The CAC was defined as the concentration 

at which an abrupt increase of fluorescence intensity was observed. (Figure S3) 

Fluorescence measurements were carried out on a JASCO FP-8500 fluorescence spectrometer equipped 

with a JACOB MCB-100 circulation bath. All measurements were performed using a quartz cell with a 

light path of 3×3 mm at different temperatures. To obtain the emission spectra and determine the 

maximum emission wavelength (λem), the excitation wavelength was fixed at 500 nm and an emission 

wavelength range of 550-750 nm was applied. To measure the fluorescence intensity of different 

samples, the excitation wavelength was fixed at 500 nm and the emission wavelength was fixed at the 

maximum λem for each sample. 

The CAC values for ELP derivatives were also measured by the pendant drop method. To do so, the 

drop shape analyzer KRÜSS DSA100 equipped with a CF04 camera (160 fps at 1200 × 1200 px) and a 

needle with a diameter of 1.83 mm was used to measure the surface tension of sample droplets exposed 

to air. The equipment is placed in a clean room (ISO 7) with a humidity atmosphere around 55 % (+/- 

10 %) and an overpressure of 60 Pa. Solutions of the different ELP derivatives at different concentrations 

in water and PBS were firstly prepared. One drop of each sample was made and the surface tension was 

measured at one fixed temperature of 22 ℃. The CAC value was defined as the end point of the linear 

decay of surface tension. 

Determination of cloud point temperatures by nephelometry  
The cloud temperature (Tcp) of ELP derivatives was determined by nephelometric measurement on 

spectrofluorophotometer RF-6000 (Shimadzu, Japan) equipped with a temperature controller cell holder 

(Quantum northwest, USA). Measurements were determined by using 5 nm slit widths at an excitation 

wavelength of 520 nm. Data were collected on Labsolution software. ELP-g-Bu(S+) and ELP-g-Bu 

derivatives were analyzed at a concentration of 16.6 µM below the CAC in ultrapure water and in PBS 

solutions. Quartz cuvettes were filled with ELP derivatives solutions and a temperature ramp from 10 °C 

to 80 °C at a heating and cooling rate of 2 °C/min was applied.  

Formulation of ELP-g-Bu based emulsions and characterization 
The emulsion composition and process parameters were determined by conducting a pre-formulation 

study with a ternary diagram elaboration. To do so, the emulsion composition was screened with a fixed 

weight ratio of ELP-g-Bu of 10 % and a gradual increase of oil weight ratio. Thus, the ratio ELP-g-

Bu:Paraffin oil:Water ranging from 10:30:60 to 10:10:80 was tested. The emulsions were performed 

using ultrasonic probe Sonifier 250 (Branson, USA) designed to work on small volume (0.1 mL to 10 

mL). ELP-g-Bu was placed under magnetic stirring for 48 hours in the ultrapure water in sealed vials. 

https://dx.doi.org/10.1021/acs.bioconjchem.4c00412
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Paraffin oil was added into the tube previously placed in a cold bath. The ultrasonic probe was then 

immerged into the emulsion with different parameters (duty cycle, time and control output).  

Non-diluted emulsions were observed using the optical microscope EVOS M5000 (Invitrogen, USA) 

with magnification ×10 and ×40. Then, pictures were processed with Image J software to determine the 

mean diameter of droplets (minimum of 30 pictures taken for each sample). 

ELP-g-Bu based emulsion stability study 
A stability study was carried out by placing three batches of emulsions at different conditions (4 °C and 

25 °C). The emulsion stability was monitored every seven days (D7, D14, D21 and D28, n=3) with 

observation under optical microscope EVOS M5000 (Invitrogen, USA).  

Emulsions loading and selective release  
ELP-g-Bu emulsions were loaded with Nile red to investigate their thermo-responsive properties. After 

dissolving Nile red in paraffin oil at 2 mg/mL, this oil mixture was added to emulsions according to the 

selected ratio. The emulsion fluorescence intensity was measured before (20 °C) and after the Tcp (42 °C) 

previously determined by nephelometry. 

Emulsions were loaded with fluorescein isothiocyanate (FITC) at 2 mg/mL and placed into dialysis 

tubbing (MWCO = 3.5 kDa). Dialysis was performed against a solution of hydrogen peroxide (30 % 

w/w in water) under agitation for 8 hours. Every hour, 1 mL sample of medium was analyzed by 

fluorophotometer RF-6000 (Shimadzu, Japan) and replaced by 1 mL of fresh medium to maintain a 

constant volume. Fluorescence intensity values were collected using Labsolution software. The release 

percentage was calculated with the fluorescence measured at each time point compared to the 

fluorescence of full release. The 100 % release was determined with the fluorescence quantification of 

the emulsion directly added to the 30 % H2O2 medium. 
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3. Results and discussion 

1. Synthesis of the amphiphilic ELP-g-Butyl (ELP-g-Bu) bioconjugate 
ELP-g-Bu was synthesized in two steps from the recombinant ELP[M1V3-80] containing a total of 21 

methionine residues, thereafter noted as ELP (Figure 1A). The ELP was first thioalkylated using butyl 

glycidyl ether to yield ELP-g-Bu(S+) which was subsequently demethylated using the ammonium 1-

pyrrolidinedithiocarbamate (APDC) (Figure 1B). ELP, ELP-g-Bu(S+) and ELP-g-Bu derivatives were 

analyzed by SEC and 1H NMR spectroscopy (Figure S1). SEC chromatograms were in good agreement 

with previous observations31. Due to the positively charged sulfonium groups and associated counter 

anions that can interact with the columns, ELP-g-Bu(S+) has a longer elution time despite a higher molar 

mass as compared to ELP (as already observed with a similar ELP-based lipopolypeptide)21 (Figure 

S1B), while the demethylated ELP-g-Bu has a shorter elution time in agreement with its higher molar 

mass and hydrodynamic volume as compared to the pristine ELP. The 1H NMR spectra of all derivatives 

in D2O were also in agreement with the expected chemical structures (Figure S1C). Compared to the 

sample before demethylation (ELP-g-Bu(S+), blue trace), the resonance peaks of protons m and of 

acetate anions disappeared in the spectrum of ELP-g-Bu (red trace) confirming the complete 

demethylation of ELP-g-Bu(S+). According to the 1H NMR analysis, the average conversion rate was 

found around 97% (i.e., 20.5 methionine residues are grafted with butyl chains over a total of 21). 

The gradual oxidation of ELP-g-Bu was achieved in order to evaluate the impact of thioether groups’ 

oxidation onto the CAC values. The compound, ELP-g-Bu(SO) (Figure 1C), with all thioether groups 

oxidized into sulfoxides was also synthesized as control. The conversion of thioether groups into 

sulfoxide was monitored by 1H NMR analysis in D2O (400 MHz) and compared with non-oxidized ELP-

g-Bu (Figure S2). The resonance for protons l and t on the side chain at ẟ = 2.5-2.3 ppm was shifted to 

3.0-2.7 ppm (l’ and t’) in ELP-g-Bu(SO). The calculation of oxidation degrees was based on the ratio of 

AUC l’, t’/82 as detailed in supplementary data (Table S1). Similarly, the relation between the 

percentage of thioether groups’ oxidation versus the amount of H2O2 was plotted (Table S1). 

Interestingly, a linear correlation can be drawn between the percentage of oxidation and the logarithm 

of the ratio of H2O2 to ELP used. 

https://dx.doi.org/10.1021/acs.bioconjchem.4c00412
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Figure 1. A) Chemical structure of ELP[M1V3-80], simplified as ELP. Simplified synthetic schemes to access B) ELP-g-
Bu(S+), ELP-g-Bu, and C) ELP-g-Bu(SO) derivatives. The molar masses (Mw) of all compounds are also provided. 

 

2. Physico-chemical characterizations of ELP derivatives grafted with butyl 

chains 
Before exploring the capacity of ELP-g-Bu to stabilize O/W emulsions, physico-chemical properties, 

namely the CAC and thermal responsiveness, of the different derivatives synthesized were studied. The 

CAC of both ELP-g-Bu(S+) and ELP-g-Bu was measured by fluorescence spectroscopy using Nile red 

as fluorescent probe and by the pendant drop technique (Table S2). As illustrated on Figure 2A, the 

CAC of ELP-g-Bu(S+) in water was independent of temperature in the temperature range studied (4-

50 °C) and found around 1.76 mg/mL (46.65 µM). This result is consistent with the hydrophilic character 

of sulfonium groups present all along the polypeptide chain that significantly increase the hydrophilicity, 

as already demonstrated30,31. The demethylation of ELP-g-Bu(S+) however strongly affected the CAC 

of the resulting ELP-g-Bu as reflected by the significant decrease of the CAC value from 1.76 mg/mL 

at 22 °C for ELP-g-Bu(S+) to 0.062 mg/mL for ELP-g-Bu (Figure 2B and 2C). The CAC of ELP-g-Bu 

was slightly affected by temperature (Figure 2 B) with a value ranging from 0.061 mg/mL (1.7 µM) at 

4 °C to 0.046 mg/mL (1.29 µM) at 50 °C. These results were consistent with the recovery of a thioether 

group (more hydrophobic than a sulfonium group) upon the demethylation reaction30. 

The impact of salts on CAC was also monitored with measurement carried out in PBS at 150 mM to 

mimic physiological conditions. The CAC of ELP-g-Bu(S+) in PBS (1.53 mg/mL at 22 °C) was found 

slightly lower than in water, and independent of temperature similarly to what was observed in water 

(Figure S4A). However, the CAC of ELP-g-Bu was strongly affected by the presence of salts especially 

after reaching the temperature of 28 °C (Figure S4B). Indeed, from 4 °C to 28 °C the CAC value 

https://dx.doi.org/10.1021/acs.bioconjchem.4c00412
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remained constant around 0.08 mg/mL (2.3 µM) which is close to the value in water. However, a faint 

but continuous decrease of the CAC was observed upon increasing temperature from 30 °C (0.06 

mg/mL, 1.6 µM) to 50 °C (0.026 mg/mL, 0.72 µM). The control of temperature and salinity was 

therefore found to be a prerequisite for our subsequent emulsification study. Similar results were 

obtained with the pendent drop method thus confirming the robustness of the CAC determination (Figure 

S5 and Table S2). With this method, the effectiveness (ΔST) was also determined to reflect the ELP 

derivatives’ ability to reduce the surface tension (Table S2). The demethylated ELP-g-Bu showed high 

effectiveness with 22.5 ± 0.4 mN/m in water and 25.2 ± 0.2 mN/m in PBS, while the effectiveness of 

the positively charged ELP-g-Bu(S+) derivative was measured at 19.4 ± 0.2 mN/m and 21.0 ± 0.2 mN/m 

respectively. The ELP-g-Bu derivative therefore consistently demonstrated higher surfactant capacity 

than the more hydrophilic ELP-g-Bu(S+) derivative. 

 

Figure 2. Determination of the critical aggregation concentration (CAC) in mass concentration (mg/mL) and molar 
concentration (µM) using Nile red as fluorescent probe in water with increasing temperature of A) ELP-g-Bu(S+) and B) 

ELP-g-Bu. C) CAC values at 22 °C for the two ELP derivatives in water. 

The effect of oxidation of thioether groups of ELP-g-Bu on CAC values was also investigated to 

anticipate the potential behavior changes to ROS exposure. To do so, the ELP-g-Bu derivative was 

oxidized at gradual degree from 0, 20, 42, 88 to 100 %. Quantification by 1H NMR spectroscopy was 

used to determine the degree of oxidation of thioether groups into sulfoxide (Figure S2). The CAC of 

the different derivatives was determined at 22 °C in water using the Nile red method and expressed in 

mass concentration (black dots) and molar concentration (red dots) (Figure 3). As the oxidation degree 

increased, the CAC value gradually increased as well from 0.062 mg/mL (1.70 µM) of ELP-g-Bu to 

0.55 mg/mL (15.1 µM) for the fully oxidized compound ELP-g-Bu(SO). These results were confirmed 

with the pendant drop method (Table S3). The effectiveness represented as ΔST in Table S3 showed 

https://dx.doi.org/10.1021/acs.bioconjchem.4c00412
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however that before and after oxidation the ability of ELP to decrease surface tension remained overall 

constant. The gradual increase of CAC upon oxidization reflected the structural changes resulting in the 

increase of hydrophilicity. A change of behavior with ROS exposure and oxidation of methionine 

residues’ thioether group is therefore expected. 

  

Figure 3. Determination of the CAC in water of ELP-g-Bu(SO) in mass concentration (mg/mL) in black and molar 
concentration (µM) in red upon oxidation degree from 0 to 100 % at 22 °C using Nile red as fluorescent probe. 

 

The thermal responsiveness of ELP derivatives was also further characterized by measuring the cloud 

point temperature (Tcp) of the different derivatives. Nephelometry was used to estimate the Tcp since 

more sensitive than UV-Vis spectroscopy or turbidimetry. An increase of scattered light intensity (SI) 

was identified as the onset of phase transition corresponding to the Tcp. (Figure S6) The effect of the 

temperature to induce the aggregation of the different derivatives (ELP-g-Bu(S+), ELP-g-Bu and ELP-

g-Bu(SO)) at 17 µM in aqueous solution was evaluated in water and PBS. First of all, all ELP derivatives 

displayed thermal responsiveness but each polymer displayed a different Tcp due to their different 

chemical structures. As expected, the positively charged ELP-g-Bu(S+) displayed a higher Tcp (36 °C) 

as compared to the more hydrophobic demethylated ELP-g-Bu (22 °C). Similarly, the oxidation of 

thioether groups into sulfoxides induced higher Tcp to 34 °C with ELP-g-Bu(SO) as compared to ELP-

g-Bu at 22 °C. Indeed, ELP-g-Bu(SO) became more hydrophilic resulting in a better solubility in water18. 

These results were consistent with previous findings by Dai et al., who studied the series of ELP[M1V3-

n] ELP20, 40 and 60 and noticed the consequence of dependency between Tcp and the hydrophilic 

diblock behavior as their ELP Tcp moved from a range from 20-35 °C to 30-55 °C after oxidation29. 

Lastly, the influence of salts, with measurements conducted in PBS, was investigated and for each ELP 

derivative the Tcp was reduced by 4 to 6 °C as compared to the ones in water. The shift of Tcp in the 

presence of salts has been widely reported using the Homfeister series. In fact, the addition of 

kosmotropic anions (here NaCl) triggers the aggregation temperature of ELP by lowering the Tcp. Those 
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anions display a salting out effect causing a polarity increase by forming hydration complexes with 

water and get excluded from the polymer surface region38–41. Consequently, the cloud point temperature 

was affected by the structural changes in ELP such as demethylation and oxidation while maintaining 

thermo-responsiveness. Overall, the three ELP derivatives showed CAC values, ability to lower surface 

tension and thermo-responsiveness. ELP-g-Bu was selected for the emulsion formulation as its CAC 

value was lower in water and PBS and showed significant behavior changes upon heating and oxidation 

thus a promising candidate as smart polymer to stabilize O/W emulsions and trigger the release of loaded 

molecules upon these two stimuli. 

 

3. Formulation of ELP-g-Bu based emulsions for selective drug release 
Smart ELP-g-Bu macromolecular surfactant was thus used to stabilize conventional emulsions as a 

model system for the proof of concept of stimuli-triggered selective release. The response of the ELP-

g-Bu based emulsion to external stimuli such as oxidation via ROS addition or temperature change was 

then further evaluated.  

Pre-formulation of ELP-g-Butyl emulsions 
From the literature, most of the studies conducted on responsive emulsions used synthetic oils like 

silicone42, paraffin43 or n-decane44. As a first proof of concept, the oil selected for the formulation was 

the easily emulsifiable mineral paraffin oil. Aiming towards a stable emulsion with the highest possible 

oil percentage, a ternary diagram was established to determine the emulsion composition with a fixed 

weight ratio of ELP-g-Bu of 10 % w/w and a gradual increase of oil weight ratio (Figure 4 A). 

Considering its high hydrophilic-lipophilic balance (using Griffin method HLB = 18.6), ELP-g-Bu was 

mixed in water as it is more hydrophilic and to ensure the role of surfactant. After optimizing parameters 

of the ultrasonication step and weight ratios, emulsions of two size ranges were distinguished. Emulsion 

droplets above 50 µm were obtained with a ratio surfactant:oil:water (S:O:W) of 10:30:60. Smaller sized 

droplets (under 15 µm) were obtained with a ratio from 10:10:80 to 10:18:72 as illustrated Figure 4 A. 

After a centrifugation stability test, the emulsion composition was selected with a weight ratio S:O:W 

of 10:10:80 for its higher stability and smaller size which was not the case for emulsion 3 and 4 in the 

table of Figure 4 B. Then, process parameters were optimized by decreasing sonication time from 60 

seconds to 45 seconds helping to reduce droplets’ size. Therefore, the final emulsions presented a mean 

size of 10 ± 3 µm and the oil-in-water dispersion was confirmed by a coloring test with methylene blue 

and sudan red dyes (data not shown).   
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Figure 4. Screening of ELP-g-Bu based emulsion composition with A) ternary diagram elaboration and B) process 
parameters optimization with ELP-g-Bu emulsions < 15 µm (red dots in panel A). 

The selected ELP-g-Bu based emulsion with a weight ratio (S:O:W) of 10:10:80 presented in Figure S7 

was further characterized in Figure 5. The optical microscopy (Figure 5 A) revealed monodispersed 

paraffin oil droplets with a size distribution from 8 µm (8 %) to 18 µm (10 %) (Figure 5 B) and centered 

around 10 µm (27 %). Overall, the mean size of the selected emulsion was measured at 9 ± 1 µm and 

then a stability study was conducted to evaluate the impact of time and temperature on the emulsion size. 

As shown in the histogram in Figure 5 C, the size of the emulsion remained constant at 4 °C with a size 

of 10 ± 1 µm after 28 days. Similarly at 25 °C, the droplet size was not affected by the temperature with 

a size of 13 ± 2 µm reached after 28 days as illustrated in the microscope images in Figure S8. Similarly, 

this stability of emulsion stabilized with smart polymers was also observed with pH-responsive 

surfactant stabilizing a n-decane oil-in-water emulsion with stability over a month at a concentration 

above the CAC and average droplet diameter remaining around 30 µm44. The stability study was not 

conducted as above 25 °C as the thermo-responsiveness of the ELP-g-Bu generated its aggregation as 

shown in Figure S4. Indeed, as also observed by Feng et al., with thermo-responsive surfactant 

stabilizing O/W emulsion with silicone oil, heating above the LCST led to emulsion breaking down with 

droplets collapsing quickly to form bigger droplets42. 
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Figure 5. Selected ELP-g-Bu emulsion with S:O:W of 10:10:80 with A) optical microscopy observation, B) size distribution 
histogram (n=3), and C) stability study at 4 and 25 °C over a month (n=3). 

 

Cargo loading of ELP-g-Bu emulsions and release study upon temperature and oxidation 

stimuli 
After verifying the stability of ELP-g-Bu based emulsions, the destabilization and release by applying 

temperature change and oxidation by ROS stimuli were investigated. First, to evaluate the thermo-

responsive release, Nile red (hydrophobic fluorescent probe) was loaded and its release was measured 

by spectrofluorometry (Figure 6 A). At low temperature (20 °C), a bell curve was drawn as the intensity 

highly increased to peak at 130,000 A.U. around 640 nm. Increasing temperature to 42 °C for 30 minutes 

impacted the fluorescence intensity which crumbled and reached low values under 1,000 A.U. The 

significant drop in fluorescence intensity was a consequence of Nile red release from ELP-g-Bu 

emulsions. In fact, a temperature of 42 °C induced a change of behavior of ELP-g-Bu present at the oil-

water interface by forming an aggregate due to the ELP phase transition behavior. Aggregation caused 

coalescence and, as a result, the incorporated Nile red was released from the droplets into the aqueous 

phase. Since Nile red has no fluorescence signal in water, the intensity decreased and reached low values 

as illustrated Figure 6 A.  

Lastly, the response of ELP-g-Bu stabilized emulsions to oxidation with H2O2 used as ROS was 

investigated. To do so, fluorescein isothiocyanate (FITC) was loaded in the emulsion and its release was 

quantified using a spectrofluorometer (Figure 6 B). With the FITC loaded emulsion placed in a dialysis 

tubbing, the release was measured for 8 hours in 30% aqueous H2O2 medium punctually every hour. 

Although due to the limited quantity of ELP-g-Bu and H2O2 concentration of 30 %, only a maximum of 

50 % oxidation rate of ELP-g-Bu(SO) was possible. Therefore, this experiment led to preliminary results 

regarding ROS triggered release (Figure 6 B). Progressive release over time was observed, with a plateau 

of 25% release reached after 8 hours. To ensure the measurement of the release was due to the oxidation 

of methionine groups only, a control in H2O was also conducted. Indeed, the release of the emulsion 

loaded with FITC and stabilized by ELP-g-Bu was studied in water at pH 3.2 (same pH as H2O2 solution) 

called control H2O (Figure 6 B). Eventually, the control of FITC loaded emulsions in water at pH 3 

showed a leakage of FITC by itself of 8 %. This is explained by the amphiphilic nature of FITC which 

tend to go in the aqueous phase. Thus, considering the values of FITC leakage at a pH of 3.2, the release 
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triggered by the oxidation of the methionine groups was about 17 %. Therefore, the oxidation stimuli 

led to partial release of 17 % when 50 % of the ELP-g-Bu methionine groups were oxidized. To achieve 

full release, the structure of ELP-g-Bu could be modified to include more methionine groups so that 

such an emulsion can be of use for therapeutic application involving the triggering of oxygen radical 

species in an inflammatory state. To the best of our knowledge, none of the stimuli-responsive polymers 

conventional emulsions studied the release of loaded molecules upon external chemical stimuli. 

 

Figure 6. Destabilization and release of loaded molecules from ELP-g-Bu emulsion upon external stimuli with A) upon 
temperature stimulus with Nile Red loaded and B) upon oxidation stimulus with H2O2 solution at 30 % with FITC loaded. 

 

Looking at the literature, most of the chemical stimuli-responsive emulsions are stabilized by solid 

particles known as Pickering emulsions. Responsive Pickering emulsions can be stabilized either by a 

polymer attached to a solid particle surface, by microgels of polymers or by hydrophilic particles 

stabilized with electrostatic interactions9,45. Focusing only on conventional engineered emulsions to 

compare with the one developed with ELP-g-Bu, thermo-responsive or pH-responsive emulsions are the 

most common chemical stimulated ones. The thermo-responsive emulsions usually relied on polymers 

with the LCST (usually above human physiological temperature) inducing the polymer shift from water 

soluble to insoluble creating a structure collapse such as with the work of Verbrugghe et al., with PVCL-

based graft copolymers46. On the contrary, some polymer solutions transform into a gel state with sol-
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gel transition above critical temperature with PNIPAM-co-PEGMA graft enabling switching from liquid 

emulsion to a vicious gel47,48. This strategy was extensively used as described in a recent review on 

stimuli-responsive polymers for engineered emulsions7. Working with stimuli responsive emulsions 

stabilized by a biopolymer, the study of Tirgarian et al., using kappa-carrageenan illustrated the pH-

responsivity potential. Similarly, after the synthesis of the biopolymer and evaluation of the emulsifying 

properties, they formulated an O/W emulsion with soybean oil and loaded with sudan III red dye with a 

droplet size ranging from 5 to 2 µm. However, these emulsions displayed creaming after 5 days of 

storage and could not resist centrifugation stress unlike our emulsion stabilized with ELP-g-Bu. Looking 

at pH responsivity, the emulsion was destabilized at pH 4.5 and stable even after 3 cycles at pH 7, 

although the release of the dye was not studied49. Therefore, our ELP-g-Bu bioconjugate-stabilized 

emulsions seemed to combine storage and centrifugation stability and stimuli responsiveness. In another 

comparable study to some extent, a synthetic pH-responsive polymer based on PEI-benzaldehyde was 

evaluated for switchable O/W emulsion with paraffin oil processed by sonication. With synthetic 

polymer and ratio adjustment, the droplets were able to reach a nanometer size of 600-700 nm but 

remained stable only for 7 days. The demulsification with pH stimulus was only partial at pH 4.5 (but 

complete after 1 week) and rapidly occurred (within 5 minutes) at pH below 3.5. The emulsion was 

shown to be able to support emulsification and demulsification with pH adjustment back to 7.8 thanks 

to the dynamic covalent surfactant. Although a fluorescent dye was loaded in the emulsion, no release 

study was conducted to further compare both systems43. Overall, the ELP-g-Bu emulsions combined 

storage stability, responsiveness to thermal and ROS stimuli and proved to release loaded molecules. 

Thus, adding more value to the polypeptide-based smart polymer potential as the pH responsiveness of 

stabilized emulsion was previously demonstrated50. 
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4. Conclusion 
In this study, the potential of the amphiphilic ELP-g-Bu bioconjugate was investigated to stabilize 

conventional O/W emulsions and trigger the release of loaded molecules upon dual stimuli, namely 

temperature and oxidative conditions. To this aim, physico-chemical properties were first evaluated 

mainly by determining of the critical aggregation concentrations of ELP derivatives to evaluate the 

impact of parameters, namely temperature, the presence of salt, the presence of a positive charge in the 

ELP-g-Bu(S+), and thioether group oxidation with the control compound ELP-g-Bu(SO). Overall, all 

ELP derivatives showed surfactant properties, but only ELP-g-Bu CAC was strongly affected by 

oxidation. The amphiphilic ELP-g-Bu was subsequently evaluated for emulsion formulation regarding 

its thermal and oxidation responsive behaviors. The latter demonstrated its ability to stabilize oil-in-

water emulsions with a weight ratio of 10:10:80 (ELP-g-Bu:Oil:Water) leading to droplets of a mean 

size of 9 ± 1 µm stable for at least a month at 4 and 25 °C. Lastly, the complete release of loaded 

fluorescent molecule from the emulsions was observed when the temperature was raised to 42°C, while 

a partial release was measured in oxidative conditions. An increase in oxidable thioether groups in such 

bioconjugate would likely lead to a higher shift in the HLB and better destabilization of the emulsions. 

Overall, ELP-g-Bu demonstrated its potential for smart polymer-based drug delivery systems that can 

be promising for inflammatory diseases treatment as increased temperature and ROS are present in such 

diseases51. 
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Figure S1. Chemical structures of ELP-g-Bu(S+), ELP-g-Bu and ELP-g-Bu(SO). B) Characterization of ELP, ELP-g-Bu(S+) 
and ELP-g-Bu by SEC in DMSO. C) 1H NMR spectra of ELP, ELP-g-Bu(S+), ELP-g-Bu and ELP-g-Bu(SO) in D2O. 
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Figure S2. 1H NMR monitoring of ELP-g-Bu oxidation degree from 0 to 100 % to obtain ELP-g-Bu(SO). 
      

Table S1. Calculation of oxidation degrees tracked by 1H NMR and the relation between the oxidation degree and the amount 
of H2O2 used. 
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Figure S3. Determination of the CAC values of ELP-g-Bu(S+) and ELP-g-Bu in H2O using Nile red as fluorescent probe at 
22 °C. 

 

 

Figure S4. Determination of the critical aggregation concentration (CAC) in mass concentration (mg/mL) and molar 
concentration (µM) using Nile red as fluorescent probe in PBS upon temperature of A) ELP-g-Bu(S+) and B) ELP-g-Bu and 

C) the summary of CAC values at 22 °C for the two ELP derivatives in PBS. 
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Figure S5. Determination of the CAC values of the different ELP derivatives in H2O or PBS by the pendant drop method at 
22 °C. 

 

Table S2. CAC results of ELP-g-Bu(S+) and ELP- g-Bu using the pendent drop method in water and in PBS at 22 °C. 

Polymer ELP-g-Bu(S+) ELP-g-Bu 
Media Water PBS Water PBS 

CAC (mg/mL) 1.5 1.03 0.049 0.055 
CAC (µM) 40.9 27.3 1.4 1.5 

Δ ST (mN/m) 19.4 21.0 22.5 25.2 
 

Table S3. CAC results of oxidized ELP-g-Bu from 20 % to 100 % (ELP-g-Bu(SO))with pendant drop method in water at 
22 °C. 

ELP-g-Bu(SO)  20% 42% 88% 100% 

CAC (mg/mL) 0.10 0.22 0.49 0.50 

CAC (µM) 2.9 6.1 13.5 13.7 

Δ ST (mN/m) 23.2 20.5 20.9 22.5 
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Figure S6. Determination of cloud temperature by nephelometry at 17 µM in water and in PBS for ELP-g-Bu(S+), ELP-g-Bu 
and ELP-g-Bu(SO). 

 

 

Figure S7. Picture of ELP-g-Bu emulsion with a volume of 100 µL prepared in a glass vial of 4 mL. 
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Figure S8. Observation of ELP-g-Bu emulsion after 28 days at 4°C and 25°C and tested for aggregation at 40°C under optical 
microscope EVOS life (x40). 
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