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ABSTRACT 

Multiple water-in-oil-in-water (W/O/W) emulsions are promising materials to design carriers 

of hydrophilic molecules or drug delivery systems, provided stability issues are solved and 

biocompatible chemicals can be used. In this work, we designed a biocompatible amphiphilic 

copolymer poly(dimethylsiloxane)-b-poly(2-(dimethylamino)ethyl methacrylate) (PDMS-b-

PDMAEMA) that can stabilize emulsions made with various biocompatible oils. The 

hydrophilic/hydrophobic properties of the copolymer can be adjusted using both pH and ionic 

strength stimuli. Consequently, the making of O/W (oil in water), W/O (water in oil), and 

W/O/W emulsions can be achieved by sweeping pH and ionic strength. Of importance, 

W/O/W emulsions are formulated over a large pH and ionic strength domain in a one-step 

emulsification process via transitional phase inversion and are stable for several months. A 

Cryo-TEM and interfacial tension studies show that the formation of these W/O/W emulsions 

is likely to be correlated to the interfacial film curvature and microemulsion morphology. 

INTRODUCTION 

Multiple emulsions like water-in-oil-in-water emulsions (W/O/W) are an ideal platform for 

the encapsulation of many molecules of interest that need to be protected from external 

stresses before being released. In the food processing industry, the high potential of multiple 

emulsions to encapsulate and protect sensitive and reactive compounds such as flavors, 

vitamins or minerals has been demonstrated1–3. Multiple emulsions also show promise as 

delivery systems in cosmetic and pharmaceutical products, as they could enable sustained 

release of encapsulated compounds as well as the co-encapsulation of incompatible 

materials4–7.  

In most cases, the preparation of W/O/W emulsions requires a combination of hydrophilic and 

hydrophobic surfactants to stabilize the W/O as well as the O/W interface, and also a two-step 
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emulsification process8 which introduces many destabilization pathways and lead to 

emulsions with short-term stability9–12. Many formulation approaches have been deployed to 

improve stability8,13: sophisticated combinations of emulsifiers have been selected, the 

proportions of the two types of emulsifiers have been optimized, co-surfactants have been 

added… However, the complexity of their multi-step formulation route, the lack of control of 

emulsions morphology and encapsulation rate, as well as the necessity of using important 

amounts of surfactants to obtain stable multiple emulsions, are still a limitation to large-scale 

applications14. 

Recently, progress has been made in the bulk formulation process of multiple emulsions as a 

couple of studies have shown that they can be prepared using a one-step phase inversion 

mixing process and a single emulsifier. This emulsifier can be a diblock copolymer15–18 as 

well as some nanoparticles19–21. Hanson et al. were the first to obtain long-term stability 

W/O/W emulsions stabilized by a diblock polypeptide15. Sun et al. also demonstrated the 

possibility to prepare stable multiple emulsions stabilized by a synthetic diblock copolymer 

via catastrophic phase inversion22. Modified silica particles were used by Binks et al. to 

prepare stable W/O/W Pickering emulsions19. Li et al. were the first to use a single anionic 

surfactant to prepare stable W/O/W emulsions via catastrophic phase inversion23. Recently, 

Tu et al. also prepared one-step pH-responsive multiple emulsions via transitional phase 

inversion using Janus particles as a stabilizer24.  

A few years ago, our team proved that appropriate polymer architectures can easily generate 

one-step W/O/W emulsions via transitional phase inversion17,25. Water-toluene emulsions 

were stabilized using PS-b-P(S-st-DMAEMA) copolymers constituted of a hydrophobic block 

of polystyrene (PS) and a hydrophilic block of randomly distributed units of styrene (30 mol 

%) copolymerized with 2-(dimethylamino)ethyl methacrylate (DMAEMA) (70 mol %). 

Emulsions stabilized with these copolymers were stable for several months but were also 
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stimuli-responsive with a capacity of encapsulation tuned by pH or temperature17,25. The latter 

study showed that the architecture of the polymer is important for the stabilization of multiple 

emulsions. A study of polymer conformations based on Cryo-TEM imaging and SANS 

measurements also evidenced the link existing between interfacial curvature and emulsion 

type25. 

In this work, we describe another step forward by extending such advances to biocompatible 

systems. We used Atom Transfer Radical Polymerization to synthesize an amphiphilic 

PDMS-b-PDMAEMA diblock copolymer composed of a hydrophobic block of 

polydimethylsiloxane (PDMS) and a hydrophilic block of pure DMAEMA. PDMS and 

PDMAEMA polymers are materials which have already been demonstrated biocompatible 

properties and were used as micelles for anticancer drug delivery26,27. We used this pH, ionic 

strength and temperature-sensitive polymer to stabilize water - Miglyol® 812 as well as water 

– isopropyl myristate emulsions. Miglyol® 812 and isopropyl myristate are biocompatible 

oils widely used in pharmaceutics and cosmetics. With both systems, we show that stable 

W/O/W emulsions can be generated in a one-step formulation process via transitional phase 

inversion with pH and / or ionic strength. Finally, we investigate the formation of W/O/W 

emulsions through surface tension measurements and Cryo-TEM imaging to correlate 

multiple emulsion formation to tension and curvature of the interface. 

EXPERIMENTAL SECTION 

Materials. Monohydroxyl terminated poly(dimethylsiloxane) (number average molar mass 

3000 g.mol-1) (PDMS-OH), bromo-2-methylpropionyl bromide (BrMPBr, 98%), 

triethylamine (Et3N, 99.5%), anhydrous tetrahydrofuran (THF, 99.9%), 1,1,4,7,10,10-

hexamethyltriethylenetetramine (HMTETA, 97%), copper (I) bromide (CuBr, 99.999%), 

sodium hydrogenocarbonate (NaHCO3, 99%), magnesium sulfate, sodium chloride (NaCl), 



5 

 

sodium nitrate (NaNO3), isopropyl myristate and Nile Red were purchased from Sigma-

Aldrich. 2-(dimethylamino)ethyl methacrylate (DMAEMA, 99%) and dichloromethane (99%) 

were obtained from Acros Organics. Miglyol® 812 was generously provided by IMCD. HCl 

and NaOH solutions were supplied by Merck. Milli-Q water with a resistivity of 18.2 MΩ.cm 

was used to prepare aqueous solutions for emulsions. 

All reagents were used without further purification except the DMAEMA and the THF, which 

were filtered through a column of basic alumina (Acros Organics) to remove inhibitors and 

stabilizers and stored at low temperature, at – 10°C. 

Synthesis of PDMS-b-PDMAEMA Block Copolymers. The block copolymer was 

synthesized by Atom Transfer Radical Polymerization (ATRP) of DMAEMA using 

preformed functional-PDMS. The scheme of the synthesis for PDMS-b-PDMAEMA is 

described in Figure 1. The PDMS-macroinitiator was synthesized from monohydroxyl-

terminated-PDMS (PDMS-OH) according to a previously described procedure28,29 with slight 

changes as reported below. Briefly, the PDMS macroinitiator was prepared from hydroxyl-

terminated PDMS by using bromo-2-methylpropionyl bromide dissolved in anhydrous THF 

([PDMS-OH]0 = 0.16M) and triethylamine ([Et3N]0 = 0.66M). Bromo-2-methylpropionyl 

bromide ([BrMPBr]0 = 0.44M) was added and the reaction was stirred at room temperature 

for three days. Temperature was then increased and maintained at 60°C for one hour. The 

polymer solution was filtered to remove salts and the solvent was removed under vacuum. 

The resulting oil was dissolved in dichloromethane and washed with saturated NaHCO3 

aqueous solution and water. The organic phase was finally dried over magnesium sulfate, 

filtered and the solvent was removed under vacuum. Yield: 73%. 1H NMR (400MHz,CDCl3): 

0 (s, 372H, Si-(CH3)2), 0.45 (t, 4H, Si-CH2), 0.8 (t, 3H, CH3), 1.2 (m, 4H, CH2), 1.55 (m, 2H, 

CH2), 1.9 (s, 6H, CH3), 3.35 (t, 2H, CH2-O), 3.65 (t, 2H, CH2-O), 4.25 (t, 2H, CH2-O-C=O). 
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Typically, Atom Transfer Radical Polymerizations (ATRP) were carried out under nitrogen 

atmosphere using syringe techniques. The catalyst (copper (I) bromide, 0.453 g, 0.32 mmol) 

was introduced in a dry round flask equipped with a three-way stopcock and a magnetic 

stirrer. Three nitrogen/vacuum cycles were performed. Monomer (DMAEMA, 2.44 g, 15.5 

mmol), PDMS-macroinitiator (1.55 g, 0.52 mmol), soluble ligand (HMTETA, 0.158 g, 0.68 

mmol) and solvent (THF, 50% of total volume) were bubbled with nitrogen and then added in 

a separated flask containing CuBr using a previously flame-dried stainless cannula. The 

polymerization of DMAEMA was then conducted under nitrogen at 60°C under magnetic 

stirring for three hours. Ratios between PDMS-macroinitiator, DMAEMA, CuBr and 

HMTETA were 1/30/1.3/2.6 respectively. The polymerization reaction was stopped by 

cooling down the flask under cold running water and the polymer solution was purified by 

passing through a column of basic alumina to remove copper. The excess of solvent was 

removed under vacuum and the polymer solution was precipitated in basic water to obtain a 

solid, which was then dried under vacuum.  

Emulsions Preparation. The polymer was dissolved at the concentration of 5 g.L-1 in either 

Miglyol® 812 or isopropyl myristate. NaCl, HCl and NaOH solutions were used to prepare 

aqueous solutions at different pH and ionic strengths using MilliQ-water. A fixed amount of 3 

mL of polymer-containing oil and 3 mL of aqueous solution were placed into contact at room 

temperature for 24 hours before emulsification. All the pH values reported in this work were 

measured after 24 hours of contact between both phases. Emulsions were then obtained by 

mixing both phases using an Ultra Turrax T10 homogenizer (8 mm head) operating at 24000 

rpm for 40 seconds. 

Stability Measurements. Emulsion stability was assessed one day, one week, one month and 

two months after emulsification. Macroscopic stability was assessed by visual analysis of the 

vials containing emulsions. Emulsions are considered to be macroscopically stable as long as 
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the dispersed phases do not form a subnatant or supernatant phase separated from the 

emulsion. Microscopic stability was assessed by confocal microscopy. Emulsion pictures 

were taken at different times after emulsification and the mean diameter of emulsion drops 

was calculated for each picture. After emulsification, emulsion samples were stored in the 

dark at room temperature.  

Characterization. Size Exclusion Chromatography (SEC, Viscotek GPC max VE2001; TDA 

302 triple detector array) in THF containing 2% triethylamine and 1H NMR spectroscopy 

(Bruker 400MHz spectrometer) were used to determine molar masses, polydispersity index 

(PDI) and precise compositions of block copolymer.  

Residual copper in block copolymer samples was determined using i Cap Q-inductively 

coupled plasma-mass spectrophotometer from Thermo Elemental. Samples were prepared by 

solubilization of 20 mg of polymer in 30mL HNO3 0.2M. 

Confocal Laser Scanning Microscopy (CLSM) was used to determine emulsion type and 

stability. Confocal imaging was done in a quartz cell (0.5 mm light path) through an Olympus 

Fluoview FV1000 inverted confocal microscope. 150 µL emulsion samples were placed in the 

cell and studied at room temperature. Nile Red was used as a hydrophobic fluorophore, and 

the oil phase appear in blue in the pictures.  

We used the following criterium to discriminate between O/W and W/O/W emulsions (O/W 

and W/O/W emulsions are identified by blue squares and green circles respectively in the 

emulsion type diagram). W/O/W emulsions are defined as emulsions for which the surface of 

the oil drops containing water droplets covers more than 50% of the surface of the emulsion, 

the surfaces being measured from a series of four confocal microscopy pictures of a given 

sample. If the criterium is not fulfiled, the emulsions are called O/W. 



8 

 

Diameters of emulsions drops were calculated from the images obtained by confocal 

microscopy. For each W/O/W emulsion, we measured the mean drop size and standard 

deviation (SD) of a panel of 500 oil globules using ImageJ (NIH software) with a systematic 

error of 10 %, mostly because some drops are visible albeit their largest diameter is not 

perfectly in the z plane of focus.  

Interfacial tensions were measured using a spinning drop tensiometer (SVT 20N, 

Dataphysics). Measures were made on pre-equilibrated samples for 24 hours in presence of 

polymer, for different pH and ionic strengths. A capillary was filled with the equilibrated 

aqueous phase, avoiding formation of air bubbles and a small drop of the oil phase was 

formed into the capillary using a syringe. The elongation of the oil droplet stops when the 

centrifugal forces are balanced by the interfacial tension forces. By measuring the cylinder 

radius, the interfacial tension was determined from the Vonnegut’s equation30. For each pH 

and ionic strength condition, the measure was repeated at least two times.  

Morphology of structures formed by the copolymer in aqueous phases after partitioning was 

determined from Cryo-TEM images. Drops of aqueous phase were deposited on EM grids 

covered with a holly carbon film (Quantifoil R2/2) previously treated by plasma glow 

discharge. The excess of liquid on the grids was blotted out with a filter paper and the grids 

were quickly immerged in liquid ethane to form a thin vitreous ice film. The whole process 

was performed using a Vitrobot apparatus (PEI Company). Observations were conducted at 

low temperature (-180°C) on a JEOL 2010 FEG microscope operated at 200 kV. The contrast 

arises from the differences in the electron densities of the sample molecules. The defocus was 

set to 7 000 – 10 000 nm to obtain enough phase contrast under low-dose conditions. Images 

were recorded with a Gatan camera. 

RESULTS AND DISCUSSION 



9 

 

Synthesis of PDMS-b-PDMAEMA Block Copolymer. The PDMS-b-PDMAEMA diblock 

copolymer was synthesized by ATRP from a preformed PDMS-macroinitiator. We used 

commercially available monohydroxyl terminated PDMS as a starting material to obtain a 

monofunctional bromoalkyl-terminated PDMS-macroinitiator suitable for the polymerization 

of DMAEMA by ATRP (Figure 1).  

The PDMS-macroinitiator is obtained by simple condensation reaction of well-defined 

hydroxyl terminated PDMS with BrMPBr28,29, which has been used in a subsequent step for 

the polymerization of DMAEMA by ATRP (Figure 1). The copper-mediated living radical 

polymerization of DMAEMA from PDMS-macroinitiator was carried out in THF 

(DMAEMA/THF, 1/1 vol.) at 60°C. The target molar mass of PDMAEMA block is 5 500 

g.mol-1 and [DMAEMA]/[PDMS-macroinitiator]/[CuBr]/[HMTETA] were 30/1/1.3/2.6. 

The number average molar mass of PDMS-b-PDMAEMA and the polymer composition were 

determined by 1H NMR (Figure 2). First, the number average molar mass of the PDMS-

macroinitiator was estimated by 1H NMR to be around 3000 g.mol-1 corresponding to a 

polymerization degree of 38 (1H NMR spectrum not shown). The methacrylate content in the 

PDMS-b-PDMAEMA copolymer was determined from the relative intensities of protons 

characteristic of the PDMAEMA (singlets assigned to both of CH2 groups and the N(CH3)2 

group from PDMAEMA at 2.6 and 4.1 as well as 2.3 ppm, respectively) and PDMS (singlet 

assigned to both of CH3 groups at 0 ppm) blocks. As a result, the PDMS-b-PDMAEMA block 

copolymer was designed by PDMS38-b-PDMAEMA25. 
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Figure 1. Synthesis of a PDMS-b-PDMAEMA block copolymer from a monohydroxyl-

terminated PDMS. 
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Figure 2. 1H NMR spectra of PDMS38-b-PDMAEMA25 in CDCl3 

The narrow unimodal molar mass distribution of PDMS38-b-PDMAEMA25 was evidenced by 

SEC analysis with the PDI = 1.2 (Figure 3). The quantitative shift of PDMS38-b-

PDMAEMA25 SEC trace to higher molar mass corresponding to a lower retention volume 

demonstrates the high efficiency of the initiation step from PDMS-macroinitiator. Copper 
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Figure 3. SEC traces of PDMS38-b-PDMAEMA25 and its PDMS-macroinitiator 

Emulsions Formulated Without Polymer. Water – Miglyol® 812 and water – isopropyl 

myristate (1/1 vol.) emulsions were made without the addition of any emulsifier for different 

conditions of pH and ionic strength (I). Both oils have a slight surface-active effect and stable 

O/W emulsions were obtained in both cases. The pH and ionic strength domains where these 

emulsions form are represented on Figure 4. Emulsions made at pH = 10 are stable for several 

weeks whereas the water – Miglyol® 812 one formed at pH = 6 is stable for only a few 

minutes. 
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Figure 4. Stability domains of the O/W emulsions formulated with a. Miglyol® 812 and b. 

isopropyl myristate as emulsifiers. 

One-Step Formation of Water – Miglyol® 812 Emulsions Stabilized by PDMS38-b-

PDMAEMA25. Water – Miglyol® 812 (1/1 vol.) emulsions stabilized by PDMS38-b-

PDMAEMA25 were generated in one emulsification step at constant mixing power. Emulsions 

were made at different conditions of pH and ionic strength, and emulsion type was determined 

by confocal microscopy. The effect of ionic strength and pH on emulsion morphology is 

summarized in emulsion type diagrams in Figures 5.a and 5.b right after and two months after 

preparation respectively. Table 1 presents mean drop diameters and standard deviations for 

W/O/W emulsions at both times. 

0

2

4

6

8

10

12

0 0,5 1 1,5 2 2,5

p
H

I (mol.L-1)

0

2

4

6

8

10

12

0 0,5 1 1,5 2 2,5

p
H

I (mol.L-1)a. b.

Stable

O/W

Unstable

emulsions

Stable

O/W

Unstable

emulsions



14 

 

 

Figure 5. Emulsion type diagrams and fluorescence confocal microscopy images for water – 

Miglyol® 812 emulsions stabilized by PDMS38-b-PDMAEMA25 a. immediately after and b. 

two months after emulsification. Emulsion type diagrams present the following domains: 

O/W (squares), W/O/W (circles), W/O (triangles) and broken (crosses) emulsions. The oil 

phases appear in blue, all scales bars are 30 µm, except for emulsions (B), (A’), (B’) and (C’) 

for which the scale bar is 100 µm. 
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Table 1. Comparison of mean oil drop diameter and standard deviation (SD) just after and 

two months after emulsification for water - Miglyol® 812 W/O/W emulsions stabilized by 

PDMS38-b-PDMAEMA25. The error in the determination of mean oil drop diameters can be 

estimated to be around 10 %. Only oil globules were taken into account for the determination 

of mean drop diameter and SD. 

Directly after emulsification, three different types of emulsions are obtained: O/W emulsions 

at low ionic strength, W/O emulsions at very high pH and ionic strength and W/O/W on the 

rest of the diagram. 

When no salt is added to the aqueous phase, other than the salt necessarily introduced to 

control the pH, only O/W emulsions are formed on the whole pH range (Figure 5.a, (A), (D) 

and (G)). The fact that no multiple emulsions are formed with this system is consistent with 

the architecture of the polymer used in this study since previous results on other systems25 

have shown that no multiple emulsions are formed when the hydrophilic block of the 

copolymer is purely constituted of DMAEMA. Here, it is also found out that no pH-driven 

phase inversion takes place for this system at I = 0 mol.L-1. This is probably amplified by the 

surface-active effect of the oil which acts like a hydrophilic surfactant in this pH and I 

conditions and thus promotes the stabilization of O/W emulsions only. 

Sample

(t = 0)
B C E F H

Mean diameter / SD

(µm)
206/65 58/18 19/6 30/14 38/20

Sample

(t = 2 months)
E’ F’ H’

Mean diameter / SD

(µm)
- - 19/7 30/16 51/25
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At pH > 10 and I > 1.5 mol.L-1, the formation of W/O emulsions is observed (Figure 5.a, (I)). 

At this basic pH, the polymer is fully neutralized and the high ionic strength contributes to 

increasing the hydrophobicity of the polymer31. The extension of the hydrophilic block of the 

copolymer is then significantly reduced, and could become smaller than the extension of the 

hydrophobic block. Such conditions are likely to promote an interface curvature towards 

water and thus the stabilization of W/O emulsions.  

Finally, a remarkably large domain is evidenced in which stable W/O/W emulsions are 

formulated (Figure 5.a, (B), (C), (E), (F) and (H)). These W/O/W emulsions are readily 

formed in one emulsification step using a single polymeric emulsifier at pH and ionic strength 

conditions intermediate to those that lead to the formation of O/W and W/O emulsions. A 

control over a wide range of oil droplet sizes is reached by adjusting the conditions of pH and 

ionic strength of the water phase at constant mixing power. Indeed the mean diameter for the 

oil drops of the W/O/W emulsions decreases from 200 µm for emulsion (B) to 19 µm for 

emulsion (E) (Table 1). Recently, Bae et al.32 described a mechanism to explain the formation 

of W/O/W emulsions in a two-step emulsification process. The first one is the making of a 

simple O/W emulsion by mixing and the second one consists in the spontaneous formation of 

the W/O/W emulsion by inner water drops formation. In the second step, water transfers to 

the oil under the osmotic pressure gradient caused by the presence of salt residues in oil, 

which are however more soluble in water than in oil. Consequently, in Bae’s mechanism, a 

growing kinetics of the inner water drops leading to the formation of monodisperse water 

drops with final size controlled by the amount of salt both in oil and water is observed. In our 

case, the inner water droplets of our W/O/W emulsions are immediately visible after 

preparation and no growth kinetics is observed. Moreover our water drops size polydispersity 

is rather large in sharp contrast with Bae’s observations. Although quite interesting, we then 

believe that Bae’s mechanism is not sufficient to explain the formation of our W/O/W. It is 



17 

 

thus reasonable to admit that there might be some other underlying mechanism(s) that takes 

place to explain the W/O/W emulsion formation in our systems. Also, the polymers used here 

(PDMS-b-PDMAEMA) was synthesized by ATRP and contain copper residues at a 

concentration of 3.4 x 10-4 copper ions per chain.  The copper concentration is thus ten times 

lower than the concentration of Bae’s purest copolymer where multiple emulsions do not 

form. Consequently, the formation of multiple emulsions is unlikely due to this mechanism 

only in our case. 

Two months after emulsification all emulsions are still macroscopically stable, to the 

exception of the W/O one (Figure 5, (I’)), which separates into oil and aqueous phases. The 

O/W domain has also enlarged at the expense of the W/O/W emulsion one. More precisely, 

the multiple emulsions prepared at pH = 1 were turned into O/W ones, irrespective of ionic 

strength (Figures 5.b, (B’) and (C’)). In particular, for all emulsions prepared at pH = 1, oil 

droplets have coarsened with a diameter increase of about 30% (Table 1), showing a lack of 

microscopic stability. However, all other W/O/W emulsions (Figure 5.b (E’), (F’) and (G’)) 

present excellent macroscopic and microscopic stability, especially emulsions (E’) and (F’), 

which show comparable water encapsulation and similar sizes of the oil globules after 

emulsification and two months later (Table 1).  

One-Step Formation of Water – Isopropyl Myristate Emulsions Stabilized by PDMS38-b-

PDMAEMA25. Similar emulsion type diagrams were obtained with isopropyl myristate as the 

oil phase just after (Figure 6.a) and two months after emulsification (Figure 6.b). Table 2 

presents mean drop diameters and standard deviations for W/O/W emulsions at both times. 
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Figure 6. Emulsion type diagrams and fluorescence confocal microscopy images for water – 

isopropyl myristate emulsions stabilized by PDMS38-b-PDMAEMA25 a. immediately after 

and b. two months after emulsification. Emulsion type diagrams present the following 

domains: O/W (squares), W/O/W (circles), W/O (triangles) and broken (crosses) emulsions. 

The oil phases appear in blue, all scales bars are 30 µm, except for emulsions (J’), (K’) and 

(L’) for which the scale bar is 100 µm. 
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Table 2. Comparison of mean oil drop diameter and standard deviation (SD) just after and 

two months after emulsification for water – isopropyl myristate W/O/W emulsions stabilized 

by PDMS38-b-PDMAEMA25. The error in the determination of mean oil drop diameters can 

be estimated to be around 10 %. Only oil globules were taken into account for the 

determination of mean drop diameter and SD. 

For water – isopropyl myristate emulsions stabilized by PDMS38-b-PDMAEMA25, only O/W 

emulsions were obtained without addition of external salt on the whole pH range (Figure 6 

(J), (M) and (P)), as it was the case for the water - Miglyol® 812 ones (Figure 5, (A), (D) and 

(G)). As we remarked previously, this is consistent with the architecture of the polymer and 

with the surface-active effect of the oil (Figure 4). 

For this system, all emulsions formed at pH = 1 are O/W ones as soon as the emulsification 

has taken place (Figure 6, (J), (K) and (L)). These emulsions present a limited microscopic 

stability (Table 2). At high pH and I, unstable W/O emulsions are formed (Figure 6, (R)).  

At intermediate values of pH and I, a large domain of stable W/O/W emulsions is obtained 

(Figure 6, (N), (O) and (Q)). These emulsions display excellent macroscopic and microscopic 

stability (Table 2), but it can be seen on the confocal microscopy pictures that the internal 

water droplets have flocculated inside oil globules, showing that the water – myristate – 

PDMS38-b-PDMAEMA25 system is less efficient than the water – Miglyol® 812 – PDMS38-b-

Sample

(t = 0)
N O Q

Mean diameter / SD

(µm)
14/6 15/6 23/13

Sample

(t = 2 months)
N’ O’ Q’

Mean diameter / SD

(µm)
13/5 14/5 25/12
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PDMAEMA25 at stabilizing the W/O interface of W/O/W emulsions. This can be due to the 

increased density difference between isopropyl myristate and water compared to Miglyol® 

812, which causes the internal droplets to sediment inside the oil globules and promote 

flocculation. 

Study of Interfacial Tensions between Oil and Water in Presence of Polymer. To get 

insight on emulsion type diagrams, interfacial tensions between both oils and water in the 

presence of PDMS38-b-PDMAEMA25 were measured for different values of pH and ionic 

strength (Table 3).  

 

Table 3. Values of interfacial tension between Miglyol® 812 and water in presence of 

PDMS38-b-PDMAEMA25 for different conditions of pH and ionic strengths.  

For both oils, the variation in the interfacial tension values from one sample to another (Table 

3) appears to be too small to make the interfacial tension a decisive parameter to determine 

the emulsion type or even the final size of the emulsion drops. Interfacial tensions for W/O/W 

emulsions are slightly smaller for isopropyl myristate (Table 3, (N) and (O)) than for 

Miglyol® 812 (Table 3, (E) and (F)), which may explain the smallest drop size for W/O/W 

emulsions stabilized by isopropyl myristate (Table 1 and 2). 

 

Miglyol® 

812
(A) (B) (C) (D) (E) (F) (G) (H) (I)

γ

(mN.m-1)
2.0 0.4 2.0 0,4 4.7 1.0 1.1 0.2 1.5 0.3 0.9 0.2 2.1 0.4 1.4 0.3 0.8 0.2

Isopropyl

myristate
(J) (K) (L) (M) (N) (O) (P) (Q) (R)

γ

(mN.m-1)
0.4 0.1 1.6 0.3 3.6 0.8 3.8 0.8 0.3 0.1 0.4 0.1 2.0 0.4 1.4 0.3 0.5 0.1
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Probing interfacial curvature with Cryo-TEM measurements. As it was previously 

suggested that interfacial curvature likely imposes the type of emulsion for W/O and O/W 

types25, a reasonable assumption would be that the curvature of the water – oil interface in 

presence of polymer is close to zero in the domain  where W/O/W are formed. Indeed, this 

could lead to the stabilization of both types of interfaces.  

The nature of microemulsions formed in the aqueous phase after partitioning was determined 

using Cryo-TEM measurement (Figure 7). Cryo-TEM imaging was only carried out on water 

– isopropyl myristate microemulsions because no images could be obtained for water – 

Miglyol® 812 ones, which is probably related to an incompatibility between the nature of the 

oil and the freezing process.   

Two cases were compared: one corresponding to O/W emulsion (J) (pH = 1, I = 0.1 mol.L-1) 

and the other corresponding to W/O/W emulsion (N) (pH = 8, I = 1 mol.L-1). In both cases, 

the PDMS38-b-PDMAEMA25 copolymer chains transfer enough in water to form aggregates 

detectable by Cryo-TEM. The presence of oil inside polymer micelles was previously 

confirmed by Small Angle Neutron Scattering for both systems (data not shown). For the 

sample corresponding to O/W emulsion (J), aggregates are spherical, meaning that the 

PDMS38-b-PDMAEMA25 film curves towards oil, which is in agreement with the O/W type 

of emulsion obtained with this sample (Figure 7.a). On the contrary, for the sample 

corresponding to W/O/W emulsion (N), detectable aggregates are a mixture of spherical and 

cylindrical micelles (Figure 7.b). The microemulsion morphology changes between the two 

samples can be attributed to modifications in the interfacial polymer layer. Indeed, 

microemulsions are usually well described as an assembly of flexible films dominated by the 

curvature energy as introduced by Helfrich33. It was indeed shown that for a certain range of 

the curvature parameters, a transition occurs from spherical to cylindrical micelles through a 
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region where both are present34,35. This transition is linked to a decrease of film curvature, in 

accordance with the change of emulsion type between the two samples. However, it appears 

that a non-zero positive curvature is compatible with the formation of multiple emulsions. 

 

Figure 7. Cryo-TEM pictures of water – isopropyl myristate microemulsions formed in water 

in the presence of PDMS38-b-PDMAEMA25 a. Sample (J) and b. sample (N). All scale bars 

represent 100 nm. 

CONCLUSION 

In this paper, we synthesized a biocompatible copolymer that can be used as a single 

emulsifier to stabilize W/O/W emulsions using two different biocompatible oils, isopropyl 

myristate and Miglyol® 812. These emulsions are formulated in a one-step emulsification 

process induced by transitional phase inversion using pH and ionic strength fine adjustments. 

The formulation of our system is indeed well-controlled and highly reproducible. It leads to 

the making of W/O/W emulsions with long-term stability in a large domain of pH and ionic 

strength conditions. The interfacial tension is not a key parameter to predict emulsion type 

even if the formation of multiple emulsions often requires low interfacial tensions. However, 

the tuning of the polymer films interfacial curvature and hence microemulsions morphology is 

likely to be a determinant parameter to promote emulsion type in general and in particular the 

formation of W/O/W emulsions. 

a. b.
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