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ABSTRACT: We present a multipurpose technology to encapsulate hydrophobic substances in micron-size emulsion droplets 
and capsules. The encapsulating agent is a comb-like stimuli-responsive copolymer comprising side chain surfactants at-
tached to a methacrylic acid/ethylacrylate polyelectrolyte backbone. 
The composition and structure of the hydrophobic moieties of the 
side chains are customized in order to tune the particle morphology 
and the processing conditions. The technology exploits the synergy 
of properties provided by the copolymer: interfacial activity, pH 
responsiveness, and viscoelasticity. A one-pot process produces 
emulsion gels or capsule dispersions consisting of a hydrophobic 
liquid core surrounded by a polymer shell. The dispersions resist to 
high ionic strengths and exhibit long-term stability. The versatility of 
the method is demonstrated by encapsulating various hydrophobic 
substances covering a broad range of viscosities and polarities -
conventional and technical oils, perfumes, alkyd paints - with a high 
degree of morphological and rheological control.  

 

INTRODUCTION 
 Emulsions and capsules are fundamental components of 
modern liquid formulations used in pharmaceuticals, per-
sonal care products, food additives, and agricultural chemi-
cals.1-5 They have multiple functions such as to confine, 
transport, and release active substances, mask undesirable 
odor or taste, suppress volatile organic solvents in paints, 
and safely handle toxic or hazardous materials. Microcap-
sules can be produced by different methods:6 layer by layer 
deposition,7-12 polymerization or complexation at interfac-
es,13-16 emulsion templating,17,18 host-guest recognition,19,20 
polymer phase separation,21,22 membrane emulsification,23 
and microfluidics techniques.24,25 The great challenge in all 
these techniques is the choice of the encapsulating agent. 
Synthetic surfactants are widely available and easy to use 
but have important limitations, such as low efficiency, 
limited shelf-life stability, detrimental effects on the prop-
erties of final products, and possible toxicity for living 
organisms. Polymers,26 which can be block,27 comb-like,28 
branched,29 star30 polymers, circumvent many of these 
disadvantages and have great potential in applications. 
However the large-scale production of liquid capsules from 

polymeric additives is often hampered by the fact that it 
requires multi-step methods or presents limitations in terms 
of facile synthesis, availability, and versatility of the poly-
mer for a wide range of applications. 
 Herein we describe a multipurpose polymer-based tech-
nology that allows one-pot fabrication, high encapsulation 
efficiency, versatility, environment friendliness, and indus-
trial scale-up. We use functional comb-like copolymers 
consisting of side-chain surfactants attached to a polyelec-
trolyte backbone. They are synthesized by conventional 
radical polymerization and are customized by varying the 
composition and structure of the side chains. This specific 
architecture provides interfacial activity, viscoelasticity, 
and pH-responsiveness. A one-pot process produces highly 
stable, micron-size emulsion droplets and capsules com-
prising a hydrophobic liquid core surrounded by a polymer 
shell. We demonstrate the versatility of the method by 
encapsulating a variety of hydrophobic substances covering 
a broad range of viscosities and polarities, with a high 
degree of morphological and rheological control, and long 
term stability. 



 

MATERIALS AND METHODS 
 Chemicals. Chemicals were purchased from Sigma-
Aldrich (Silicon oil DC200), Fluka (fluorescent dyes Nile 
Red and Rhodamine B), and VWR (silicon oil Rhodorsil 
47V20). Alkyd resin, Esterol A, and Citronellal were pro-
vided by Coatex (Arkema group). Olive oil was bought 
from groceries. 
 Synthesis and characterization of copolymers. 
The technology described in this paper is based on stimuli 
responsive copolymers which are designed and produced 
on demand. They have a comb-like architecture with a 
polyelectrolyte backbone and polyether side chains capped 
by hydrophobes, as shown in Table 1. They are synthesized 
from ethyl acrylate (EA; CH2CHCOOC2H5), methacrylic 
acid (MAA; CH2CH3COOH) and alkyl-b-polyoxyethylene 
methacrylate macromonomers [CH2CHCOO(CH2CH2O)n-
X]. The backbone of the copolymers is composed of MAA, 
EA and the methacrylate end-groups of the macro-
monomers. The side-chains consist of a hydrophilic 
polyoxyethylene spacer (n ≅ 25-30) terminated by alkyl 
groups X. The alkyl groups contain m carbon atoms 
(m = 12, 16) and have a linear (L), branched (B), or rami-
fied (R) architecture. The macromonomers derive from the 
surfactants [HO(CH2CH2O)nX], which result from 
ethoxylation of alcohols X-OH. In the following, the 
macromonomers and the surfactant precursors are desig-
nated by M(X, m) and S(X, m) where X = L, B, R, respec-
tively, the copolymers by PM(X, m), and the polymer 
backbones by P. 

  
The copolymers PM(X, m) were synthesized at low pH 
(≅ 2) in latex form from EA, MAA, and macromomers 
M(X, m) using semi-continuous emulsion polymerization 
under starved feed conditions. Linear chains P identical to 
the backbones of M(X, m) were synthesized from ethyl 
acrylate and methacrylic acid in the same conditions. The 
polymer latexes were dialyzed in cellulose tubular mem-
branes for approximately one month prior to analysis. The 
copolymers have a collapsed conformation at low pH but 
swell and become soluble upon neutralization of the car-
boxylic functions of MAA by a base. All experiments re-
ported in the following were conducted after complete 
neutralization with 1M NaOH. The molecular weight of the 
linear chains P was determined by size exclusion chroma-
tography in LiBr 0.5M solvent (Viscotek TDA 302), using 
a polyethylene oxide standard: Mn  ≅ 2×105 g/mol with a 
polydispersity index of about 2.6. The compositions of the 
amphiphilic copolymers were determined by 1H NMR 
using a Bruker Avance 400 spectrometer (Table 1). 
 Interfacial properties of copolymer solutions. 
The interfacial tension between aqueous solutions of fully 
ionized copolymers and silicon oil was measured by the 
pendant drop technique using a home-made set-up. Pendant 
drops hanging from a needle tip in a silicone oil bath were 
imaged at high magnification using a CCD camera. Images 
were recorded at regular time intervals and the drop shapes 
were fitted to the mathematical expression of the profile 
where the interfacial tension is an adjustable parameter.31 
All data reported in the following were measured at equi-
librium. The interfacial tension decreases with the concen-
tration before plateauing at a constant value  ߁ஶ (Figure S1). Table 1 shows that the value of  ߁ஶ depends on the number m of carbons and the architec-
ture of the alkyl hydrophobes. 
 Associative properties of copolymers solutions. 
The alkyl groups of the copolymers PM(X, m) form hydro-
phobic domains above the critical aggregation concentra-
tion (cac).32 We determined the cac of the different copol-
ymers using Nile Red fluorescence. Nile Red is a 
solvatochromic dye which fluoresces in hydrophobic envi-
ronments.33 Samples of increasing concentration were pre-
pared by adding small aliquots of a stock solution of Nile 
Red in ethanol (CNR = 2.5×10−3 M) to copolymer solutions 
(cNR = 2×10−6 M). After vigorous stirring the samples were 
kept at rest and in the dark during 24 hours prior to further 
investigation. The fluorescence properties were measured 
with a spectrofluorophotometer from Shimadzu Corpora-
tion (RF-5301PC) using an excitation wavelength of 543 
nm. Emission spectra were recorded from 575 nm to 800 
nm at 1-nm interval. The photoreceptor is placed at 90 °C 
from the incident beam.  The total fluorescence intensity 
was obtained by integration of the signal over the entire 
wavelength window after subtraction of the baseline. The 
intensity is negligible at low concentrations but rapidly 
increases above a well-defined concentration which is 
interpreted as the critical aggregation concentration (Figure 
S1).33 The cac correlates to the onset of the interfacial en-

 PM(R,12) PM(L,12) PM(B,16) PM(L,16) 
x  50.2 50.0 50.4 52.3
y 49.3 49.3 49.0 47.1
z 0.5 0.7  ஶ߁0.7 0.6

(mN/m) 7.0 9.2 8.1 10.9 

cac (g/g) 710−3 210−3 10−3 910−4 

[M]cac 
(M) 

3.510−4 1.410−4 6.010−5 6.310−4 

Table 1. Chemical structure, composition and solution 
properties of copolymers PM(X, m). The alkyl groups X 
carried by the side chains can be: L (m= 12, 16), B 
(m = 16), and R (m = 12). x, y, z are expressed in mole %. ߁ஶ is the interfacial tension between the copolymers solu-
tions and silicone oil at large concentration; cac is the criti-
cal aggregation concentration; ([M]cac is the effective con-
centration of macromonomers at the cac. The interfacial 
tension of the polymer P without pendant groups is ߁ஶ= 6.1 mN/m. 



 

ergy plateau found at large concentration as for low molec-
ular weight surfactants. In Table 1, we report the values of 
the cac measured for the copolymers PM(X, m) as well as 
the effective concentration of the macromonomer at the 
cac, [M]cac. The latter is very low and compares very well 
with the critical micellar concentration of the free surfac-
tants S(X, m) which was determined independently (data 
not shown).  
 Rheological properties of copolymer solutions. 
Due to the ability of the side-chain groups to aggregate into 
micelles, copolymers PM(X, m) are associative polymers 
which form transient networks in solution.34 We character-
ized the nonlinear viscoelastic properties of the copolymer 
solutions above the cac using a MCR 501 rheometer from 
Anton Paar equipped with a cone and plate geometry (di-
ameter: 50 mm; angle: 2 °). The viscoelastic properties 
depend on the architecture of the alkyl groups X (Figure 
S2): (i) for a given number m of carbon atoms, both the 
viscosity and the normal stress differences are higher for 
linear alkyl groups than for branched or ramified groups; 
(ii) for the linear architecture, the viscosity and the normal 
stresses increase drastically with m. Solutions of copolymer 
PM(L,16) are very viscous and develop large normal 
stresses even at low concentration.  
 Characterization of particles. Emulsion gels and 
capsule dispersions were stained before observation with 
Nile Red or Rhodamine B at a concentration of 10-6 M. 
Nile Red reveals the hydrophobic domains of the copoly-
mer when it is illuminated at λexc = 543 nm (confocal im-
ages are red in the following) or the oil droplets when 
λexc = 477 nm (green images);33 Rhodamine B stains uni-
formly the continuous aqueous phase when λexc = 514 nm 
(green images). After staining, the dispersions were depos-
ited on a disposable cuvette slide covered with a thin cov-
erslip. Confocal imaging was performed using a Zeiss LSM 
510 laser scanning microscope equipped with oil immer-
sion objectives (Zeiss Plan-Apochromat 63×, NA=1.4; 
Zeiss Plan-Neofluar 40×, NA=1.3). For each sample, 10 
full frame images (512×512 pixels) containing a total of 
about 1500 particles were recorded and analyzed. Each 
series of images was processed using a home-built ImageJ 
macro which successively performs the following opera-
tions: image binarization, particle contour extraction, parti-
cle cross-sectional area calculation, and equivalent diame-
ter determination. Details smaller than 2 pixels were ex-
cluded from the statistics. The particle size distributions 
based on 2D images are affected by some uncertainly since 
the plane of observation intersects the particles along dif-
ferent meridians, resulting in underestimations of the actual 
size of the particles. This effect was corrected using an 
algorithm based on the Saltykov method which computes 
3D particle size distributions.35 The distributions were 
analyzed in terms of relative and cumulative volume 
weighted distributions. The particle size was characterized 
by the volume mean diameter [4,3]ܦ = ∑ ݀୧ସ / ∑ ݀୧ଷ) and 
the volume median diameter d(v,0.5) for which the cumula-
tive undersized volume fraction is equal to 0.50. The uni-
formity factor ܷ = ∑ ݀୧ଷ [݀୧ − ,ݒ)݀ ,ݒ)݀]/[(0.5 0.5) ∑ ݀୧ଷ] 

parametrizes the polydispersity. A dispersion is usually 
considered as monodisperse when U is smaller than 0.25.36  

Diffusive Wave-Spectroscopy (DWS). DWS was 
used to characterize the aging properties of highly turbid 
emulsion gels and capsule suspensions. DWS measure-
ments were performed at 20 °C using a home-made set-up 
working in transmission geometry. The samples were in-
troduced in glass cuvettes having an optical path length of 
10 mm, which were uniformly illuminated by a 1-cm-
diameter laser beam. The scattered intensity was collected 
by a monomode optical fiber connected to a photomultipli-
er (EMI) and analyzed by a digital correlator (Brookhaven 
BI9000) which computes the time averaged intensity I and 
the intensity autocorrelation function g2(t). The propagation 
of light in the multiple scattering limit can be described as a 
diffusive process where each photon is scattered a very 
large number of times and follows a random walk with an 
elementary step corresponding to the transport mean free 
path *. The value of * is extremely sensitive to the geom-
etry, size, refractive index and concentration of the scatter-
ers, so that it can be used to characterize the properties of a 
time-evolving system.37 To determine *, we measured the 
transmittance through a slab of thickness L of the unknown 
sample (T) relative to a reference sample ( ෨ܶ) of known ∗෩ .37 
The ratio ܶ/ ෨ܶ  yields the unknown transport mean path *:38 ܶܶ෨ = ∗

∗෩ ܮ3 + 4∗෩3ܮ + 4∗ 

The reference sample was a suspension of calibrated poly-
styrene beads from Duke Scientific Corporation (diameter: 
160 nm), which has a transport mean free path calculated 
from Mie theory equal to ∗෩ = 0.125  0.005 mm. 

RESULTS  
 Preparation of emulsion gels and capsules. We 
use the one-pot method described in Figure 1. The polymer 
in latex form is introduced with sodium hydroxide and 
water into a flask at a concentration larger than the critical 
aggregation concentration (10-2 g/g <C<4×10-2 g/g). Upon 
ionization of the MAA monomers, a homogeneous viscoe-
lastic solution at pH ≅ 8.5-9 is obtained (Figure 1a). The 
hydrophobic phase, termed the oil in the following, is 
added to the viscoelastic polymer solution under moderate 
stirring using a Heidolph RZR1 mixer (Figure 1b). Very 
viscous liquids such as alkyd resins can be emulsified but 
they have to be pre-heated at 40°C. The final volume frac-
tion of the dispersed oil phase is 0.05<φ <0.75. After com-
plete incorporation, we obtain an emulsion gel made of 
micron-size oil droplets interconnected through a copoly-
mer network bridged by micelles of the associating groups 
X (Figures 1b-b’). Because of the comb-like structure of 
the copolymers a great number of hydrophobic groups 
(≅ 25 per chain) are solubilised in the hydrophobic core of 
the droplets. This structure imparts yielding properties to 
the emulsion gel. The yield stress depends on the polymer 
concentration, oil volume fraction, emulsion droplet size, 
and associative group architecture.  Liquid capsules are 
obtained by adding an acid under continuous stirring to the 



 

emulsion gel; here we used phosphoric acid. Upon acidifi-
cation, the macromolecules adsorbed at the oil/water inter-
face collapse into a thin polymeric shell covering the drop-
lets whereas the inter-droplet network precipitates into the 
continuous phase (Figure 1c,c’). We end up with a disper-
sion of capsules consisting of a liquid core stabilized by a 
layer of insoluble polymer. The excess polymer in the 
aqueous phase can be eliminated on demand. After the 
capsule suspension is centrifuged for a few minutes at 
moderate acceleration, the capsules accumulate at the top 
of the tube. The liquid phase underneath, which contains 
the excess polymer, is removed. The capsules are then 
redispersed under gentle agitation in pure water with neu-
tral pH. This treatment does not provoke the coalescence of 
the capsules during centrifugation or redispersion. General-
ly three successive centrifugal clean up cycles suffice to 
eliminate the excess polymer from the aqueous phase (Fig-
ure 1d,d’).  
 To relate the particle size to the shearing conditions and 
copolymers properties, capsules were manufactured under 
well-defined shearing conditions. A premix of oil and co-
polymer solution was loaded in the cone and plate or dou-
ble Couette geometry of a commercial rheometer Anton 

Paar MCR501, and sheared at imposed shear rate.  
 Fingerprinting capsule formation. To fingerprint 
the formation of capsules, we measured the effective vis-
cosity and volume mean diameter of droplets during acidif- 

 
Figure 2. Volume mean diameter of particles (,) and 
effective viscosity (,) during encapsulation of silicon 
oil (φ = 0.40; ηd = 0.52 Pa.s) using PM(B, 16) at C = 0.033 
g/g. Star symbols refer to samples containing 1 M NaCl. 

 
Figure 1. Manufacture of emulsion gels and capsules. The top diagrams depict the four steps of the process: polymer disso-
lution (a), emulsion gel formation upon silicon oil addition (b), encapsulation upon acid addition (c) removal of excess 
polymer (d). The confocal microscopy images at the bottom show an emulsion gel at pH = 8.5 (b’), a capsule dispersion 
before (c’) and after (d’) removal of the excess polymer (pH = 5 and 7 respectively). The dye is Nile Red (λexc = 543 nm). 
Fluorescence is weak in the continuous phase of (b’) because the polymer is soluble at pH = 8.5. Large fluorescence in the 
continuous phase of (c’) and at the droplet surfaces in (d’) reveals apolar environments. The scale bar represents 5 μm. The 
copolymer is PM(B,16) at C = 0.033 g/g; the oil viscosity is ηd = 0.52 Pa.s.  
 



 

 

 
Figure 3. (a): confocal microscopy images of silicone oil/water emulsion gels prepared with different copolymers at the 
same polymer concentration C = 0.033 g/g and same shear rate ሶߛ = 500 sିଵ. The dye is Rhodamine B which stains the 
continuous aqueous phase (λexc = 514 nm).  (b): variations of the droplet volume mean diameter of droplets versus the ap-
plied shear rate for a series of copolymers at the same concentration C = 0.033 g/g [P: ; PM(R, 12): ;  PM(L, 12) : ; 
PM(B, 16): ; PM(L, 16): ], the surfactant S(B, 16) at C = 0.17 g/g (), and a mixture () of P  at C = 0.033 g/g and 
S(B, 16) at C = 0.033 g/g. (c): variations of the volume mean diameter of droplets versus the applied shear rate for copoly-
mer PM(R, 12) at C = 0.033 g/g (), C = 0.066 g/g (), and C = 0.10 g/g (). The viscosity of the oil is ηd = 0.52 Pa.s and 
the volume fraction is φ = 0.40.  
 
ication (Figure 2). The particle size does not change with 
the pH. For pH>6.5, the effective viscosity is constant 
indicating that the emulsion gel structure persists. Below 
pH ≅ 6.2, the copolymer network collapses causing a de-
crease of the continuous phase viscosity and a drop of the 
effective viscosity of the dispersion by several orders of 
magnitude. At pH ≅ 4 (data not shown), the electrostatic 
repulsion associated with the negative charges borne by the 
copolymers no longer stabilizes the droplets against aggre-
gation. Clusters of droplets form and cream at the top of the 
dispersion but they are reversibly dispersed upon addition 
of sodium hydroxide. The insoluble polymeric shells wrap-
ping the particles stabilize the particles against coalescence. 
We never observed destabilization, particle rupture, or oil 
leakage during and after encapsulation. Capsules can also 
be obtained by adding sodium chloride which increases the 
ionic strength and provokes the collapse of the copolymer 
(Figure 2). These results demonstrate that the capsule size 
is set during emulsification. Most of the data presented in 
the following concern droplets in particle gels but they 
directly extrapolate to capsules. From the results shown in 
Figure 2, we see that the rheological properties of the final 
dispersions can be adjusted on demand independently of 
the particle size by tuning the pH and the ionic strength 

without any addition of rheological additives.   
 Influence of processing conditions and copoly-
mer on particle formation. Figure 3 explores the rela-
tion between polymer architecture, concentration, pro-
cessing conditions, and particle size. Figure 3a shows that 
well defined particles are obtained with all the copolymers 
that are available. However when the concentration and the 
shear rate are fixed, the particle size is strongly dependent 
on the copolymer as we will now discuss. Figure 3b shows 
the variations of the volume mean diameter D[4,3] with the 
applied shear rate for different surfactant systems. We 
observe that D[4,3] decreases with increasing shear rate as 
power laws. The exponent is not universal and depends on 
the copolymer. Figure 3b highlights several important re-
sults. First, the comb-like architecture of the copolymers 
provides a remarkable synergistic effect: copolymer 
PM(B, 16) produces much smaller particles than surfactant 
S(B, 16) alone at a much larger concentration, and mixtures 
of S(B, 16) with the polymer backbone P without pendant 
groups. Secondly, the volume mean diameter D[4,3] of the 
droplets and capsules sensitively depends on the number of 
carbon atoms (m) and the architecture of the hydrophobic 
groups X. For a given architecture, D[4,3] decreases when 
m increases. At constant m, the functional role of the 



 

groups X can be ranked in increasing order of particle di-
ameter according to linear<branched<ramified. The drop-
lets formed by the unmodified polymer P are significantly 
larger. 
 Let us now investigate how the polymer concentration 
of the aqueous phase affects the droplet size. Figure 3c 
shows the variations with the shear rate of the volume 
mean diameter for copolymer PM(R,12) at different con-
centrations. Similar results are obtained with the other 
copolymers. Again we find that the droplet size decreases 
with the applied shear rate as power laws; the new result 
here is that the exponent strongly depends on the polymer 
concentration. We also observe that increasing the polymer 
concentration leads to a drastic reduction of the particle 
diameter.  
 In Figure 3, micron-size particles are readily obtained at 
shear rates as low as a few 100 s-1 in particular when the 
linear PM(L,12) and PM(L,16) copolymers or the branched 
PM(B,16) copolymer are used. Smaller particles could be 
made by increasing the shear rate using a continuous high 
shear Couette mixer.36 We performed a systematic study of 
the particle diameter for different shearing times and found 
that steady state values are reached after periods of time as 
short as 10 s.  
 Influence of the dispersed phase. The dispersed 
phase is another important parameter. The technology is 
remarkably insensitive to the oil volume fraction, φ. We 
were equally successful in preparing very dilute (φ ≅ 0.05) 
and highly concentrated dispersions of droplets and cap-
sules (φ ≅ 0.75). The particle size is constant apart from a 
slight decrease when the oil volume fraction φ increases up 
to the jammed regime (Figure S3). 
 A second important parameter is the viscosity contrast 
between the continuous and dispersed phases. We were 
able to encapsulate oils which are much more viscous than 
to the continuous phase (Figure S4). The results can be 
rationalized in terms of the importance of the viscosity ratio 
p = ηd/ηc where ηc and ηd are the viscosities of the dis-
persed and continuous phases respectively. Here ηc is a 
function of the shear rate. The smallest particle sizes are 
obtained when p is of the order of 1. When the viscosities 
are not matched (p ≠ 1), larger particles are obtained. This 
is reminiscent of conventional emulsification of Newtonian 
liquids where particle formation is not possible when the 
viscosity of the dispersed phase is too small or exceeds 
several times the viscosity of the continuous phase.39 

 Polydispersity of droplets and capsules. In many 
applications one important question beyond the mean parti-
cle size concerns the size distribution and in particular the 
possibility to obtain narrow size distributions. We systemat-
ically analyzed the confocal microscopy images and we 
determined particle size distributions using the protocol 
presented in the experimental section. Volume weighted 
relative and cumulative particle size distributions are 
shown in Figure 4 for silicon oil capsule dispersions pre-
pared with polymer PM(L,12). Similar results are obtained 
with the other oils with very little sensitivity to preparation 
conditions. The polydispersity of the dispersions is charac-  

Figure 4. Volume weighted relative and cumulative parti-
cle size distributions (left and right hand side axis respec-
tively) for silicon oil in water capsules prepared with 
PM(L,12) at C = 0.033 g/g (φ = 0.40; ηd = 0.52 Pa.s; γሶ  = 1600 s-1)
 
terized by the uniformity parameter U, which is always 
found smaller than 0.25. This indicates that the dispersions 
can be considered as fairly monodisperse.36 
 Long-term stability of emulsion gels and cap-
sules. Emulsion gels and capsules can be stored for 
months without apparent of signs of coalescence, coarsen-
ing, or oil release (Figure S5). The long-term stability can 
be quantitatively evaluated using direct confocal microsco-
py observations combined with the highly sensitive DWS 
technique. Emulsion gels and capsules are studied as pre-
pared, the continuous phase being an associative polymer 
solution and water, respectively.  
 First we measured the transport mean free path of emul-
sion gels and capsules suspensions with different particle 
sizes. The transport mean free path * measured by DWS 
was found to be related to the particle diameter D measured 
by confocal microcopy through the approximate expres-
sion: * ≅ 166 + 41D. The experimental accuracy on * 
values being of the order of 10 μm, the technique appears 
to be a sensitive indicator of the particle size evolution. For 
the three sets of data presented in Figure 5a, we find that 
the transport mean free paths of emulsion gels and capsules 
remain constant over the duration of the experiments, here 
14 days. The data for the capsules with the largest mean 
free path are slightly scattered because the droplets are 
larger and the continuous phase (water) has a low viscosity, 
so that they tend to cream and create volume fraction 
inhomogeneities. From these data we conclude that the 
particle size of emulsion gel droplets and capsules do not 
change over weeks. The long term stability of capsules 
dispersions can also been evaluated from the dynamic 
properties of the dispersions by measuring intensity corre-
lation functions at different times after preparation. Figure 
5b shows results obtained for a concentrated capsule sus-
pension. The shapes of the correlation functions and the 
decay times remain exactly the same over the longest peri-
ods of time investigated. 
 



 

 

Figure 5. (a) time evolution of the transport mean free 
path values of emulsion gels (full symbols) and capsules 
(open symbols) prepared with PM(B,16) at C = 0.02 g/g 
(, ), 0.033 g/g (, ), and PM(R,12) at C = 0.033 
g/g (, ). (b) intensity correlation functions at different 
times after preparation for a capsule suspension prepared 
with PM(B,16) at C = 0.02 g/g. The dispersed phase in (a) 
and (b) is silicon oil (φ = 0.40; ηd = 0.52 Pa.s). 

DISCUSSION 
 Correlation between particle size and visco-
elastic properties of copolymer solutions. The pre-
diction of droplet size in emulsions subjected to shear flow 
has attracted a lot of attention in the literature in relation 
with the fabrication of calibrated emulsions. A significant 
amount of literature describes the deformation and breakup 
of droplets when both the continuous and the dispersed 
phases are Newtonian fluids. The pioneering work of Tay-
lor on the single drop problem40,41 has been expanded along 
various directions both theoretically and experimental-
ly36,39,42,43 Put it simply, the dynamics of single drops in 
shear flow is controlled by the capillary number which 
represents the ratio of the shear stress experienced by the 
droplets, ߟ௖ߛሶ , to the interfacial stress, 2ܦ/߁, where D is the 
particle diameter. The size of Newtonian droplets sheared 
in a Newtonian matrix is expected to vary like the inverse 
of the shear rate according to the correlation: 2߁ ⁄ܦ  This is in agreement with the result depicted in .(ሶߛ௖ߟ)݂=
Figure 3b for the aqueous solution of surfactant S(B,16). 
However in Fig. 3b-c, the data obtained for copolymer 
solutions clearly reveal strong deviations from this simple 

prediction. To go further it is necessary to take into account 
the viscoelastic properties of the continuous phase.  
 Two main phenomena have been reported. First it has 
been observed that oil in water emulsions are monodisperse 
when the continuous phase is viscoelastic.44,45 This has 
been later attributed to a modification of the break up 
mechanism responsible for droplet formation.46 It is likely 
that here similar mechanisms contribute to narrow the 
droplet size distribution as shown in the previous section. A 
second set of results concern the influence of the matrix 
elasticity on the generation and subsequent dynamics of 
droplets. Although the subject has long been controversial 
there is now evidence that normal stresses tend to stabilize 
droplets and delay fracture.47-54 Since the normal stress 
differences increase with the shear rate (Figure S2), the 
result is a slower decrease of the droplet size with the shear 
rate and polymer concentration than in the Newtonian case 
(Figure 3). A complete theory incorporating the action of 
the normal stress difference is beyond the scope of this 
paper. In the following we propose an empirical correlation 
which enables us to rationalize the droplet size of emulsion 
gels and capsules prepared over a wide range of 
experimental conditions, copolymer architecture and 
concentration, and dispersed phase viscosity.  
 We consider that the first normal stress difference N1 
brings the dominant contribution to the matrix elasticity 
and that its stabilizing effect can be expressed as an 
effective stress which is the sum of the interfacial pressure 2߁ ⁄ܦ  and ଵܰ. This leads us to generalize the correlation  
 

 
Figure 6. Correlation between the shear stress and the 
effective interfacial stress on the droplet. The data are for 
different copolymers at C = 0.033 g/g (: P; : 
PM(R,12); : PM(L,12); : PM(B, 16)) and PM(R,12) at 
C = 0.033 (), 0.066 (), and  0.10 g/g  (  ); : 
surfactant S(B,16) at C = 0.17 g/g. The inset shows the 
correlation for PM(R,12) at C = 0.066 g/g for ηd = 0.02 
(), 0.52(), 1.06 (), and 6.9 () Pa.s. (see also Figure 
S4). The solid line is the correlation for Newtonian liq-
uids.36 



 

 
Figure 7 : Confocal microscopy images of capsule dispersions made from: a) commercial olive oil (ηd ≅ 85 
mPa.s;  φd = 0.40); b) citronellal (ηd ≅ 1.5 mPa.s; φd = 0.15); c) Esterol A (ηd ≅ 7 mPa.s; φd = 0.40); dyes are Nile Red  in a) 
and b), Rhodamine B in c); scale bar: 10μm. d) and e) are scanning electronic micrographs of alkyd paint capsules (ηd ≅ 20 
mPa.s). The polymer is PM(B, 16) at C = 0.033 g/g.   
 
existing in the Newtonian case by plotting 2߁ ܦ + ଵܰ⁄  
against ߟ௖ߛሶ . It is important to note that both the viscosity ߟ௖ and the first normal stress difference ଵܰ of the 
continuous phase are shear rate dependent. Figure 6 shows 
that this representation collapses the data obtained for the 
different copolymers at all concentrations, and different 
viscosities of the continuous phase. The correlation also 
matches data for the low molecular weight surfactant 
S(B,16) and is in agreement with the correlation expected 
for Newtonian matrices (N1 = 0). Hence it appears that the 
empirical effective stress 2߁ ܦ + ଵܰ⁄  qualitatively accounts 
for the stabilizing effect associated with the first normal 
stress difference. Clearly this correlation needs more 
elaboration and should be put on a rigorous basis. 
 Critical evaluation of copolymer performance in 
encapsulation. Our technology is based on a unique 
combination of properties. At oil/water interfaces, the 
hydrophobic groups X place themselves inside the oil 
phase whereas the hydrophilic polyoxyethylene spacers and 
the backbones stay in the aqueous phase. The copolymers 
thus play the role of macromolecular surfactants which 
reduce the interfacial energy. Because of the comb-like 
structure of the copolymers, several hydrophobic groups 
per chain (≅ 25) are solubilized in the oil phase, resulting in 
strong attachment and providing the long-term stability 
demonstrated in Figure 5. The hydrophobicity of the poly-
electrolyte backbone provides pH-responsiveness:55 the 

copolymers switch from a fully extended conformation in 
basic solutions where the carboxylic functions of the MAA 
units are ionized to a collapsed conformation at low pH 
where they are protonated. PH-responsiveness allows us to 
precipitate the polymer adsorbed at oil-water interfaces into 
an insoluble polymer layer which wraps the liquid core of 
the capsules. Finally, the groups X associate into micelles 
in the continuous phase, which connect the polymer chains 
into a dynamic three-dimensional polymeric network re-
sponsible for viscoelastic properties.  
 The viscoelasticity of the continuous phase controls the 
size of the emulsion gel droplets. Figure 6 allows us to 
assess the relative advantages and drawbacks to the 
different copolymers available to encapsulate hydrophobic 
substances. The left hand-side of the diagram is 
representative of dispersions with large droplet sizes which 
are prepared using a low viscosity continuous phase and/or 
low shear rates. The right hand-side is indicative of small 
droplets prepared with a highly viscous matrix and/or large 
shear rates. Actually the performance of a copolymer 
results from a compromise between the shear viscosity of 
the continuous phase which favors small droplets and its 
elasticity which stabilizes droplets against break up. For a 
given architecture, the shear viscosity ηc and the normal 
stress difference N1 of copolymer solutions increase with 
the number of carbons in the hydrophobic groups, m (Fig-
ure S2). For a given m, ηc and N1 vary with the architecture 



 

according to the rule linear>branched>ramified (Figure 
S2). Small droplets can thus be obtained at large shear rates 
with PM(R,12) at large concentration or equivalently with 
PM(B,16) at much lower concentration. However in the 
latter case, this is at the expense of large normal stress 
differences. Ramified copolymers PM(R,12) are thus well 
suited for applications where large droplets or large 
polymer concentrations are acceptable. Small droplets can 
be obtained at low polymer content and low shear intensity 
using copolymers providing highly viscoelastic properties 
like PM(B, 16) or PM(L,16). 
 Versatility of the technology. The technology 
described in this paper can be applied to encapsulate a great 
variety of hydrophobic substances. To demonstrate its 
versatility, we encapsulated various hydrophobic 
substances commonly used in applications, which have 
different polarities. Figure 7 shows encapsulations of a 
commercial olive oil, a low-viscosity antifungal and 
insecticide oil (Citronellal), a lubricant (Esterol A), and an 
alkyd paint resin after evaporation of the aqueous 
continuous phase. We observe that all these liquids are 
dispersed in well-defined spherical particles irrespectively 
of their physical and chemical properties. In practical 
applications, the oil can be a chemical to encapsulate or 
simply a carrier for soluble hydrophobic active substances. 

CONCLUSIONS 
We have described a simple, versatile and robust 

technology to encapsulate a great variety of hydrophobic 
substances in a controlled and rational way. It exploits the 
interfacial properties, viscoelasticity, and pH 
responsiveness of functional amphiphilic copolymers in 
aqueous solutions. The technology is versatile in the sense 
that the same copolymer can be used to encapsulate 
hydrophobic liquids which differ in terms of chemical 
composition, polarity, viscosity, and volume fraction. 
Moreover the capsules prepared by this technique can be 
combined with other rheological additives while keeping 
their stability. Thickening agents like Carbopol or other 
microgel based additives can be added to the dispersions to 
prevent creaming without loss of properties. The negative 
charges borne by the capsules could be exploited to initiate 
multilayer growth with cationic polymers.   

The size of the emulsion droplets and capsules is set by 
the emulsification step and depends on several 
experimental parameters which have been addressed in 
detail: the shear rate applied during emulsification, the 
copolymer concentration, the viscosities of the dispersed 
and continuous phases, the volume fraction of the dispersed 
phase, the interfacial tension between the polymer solution 
and the hydrophobic liquid. These parameters are not 
independent and a simple correlation between the effective 
interfacial stress ૛ࢣ ࡰ + ⁄૚ࡺ  and the shear stress in the 
continuous phase ࢽ)܋ࣁሶ ሶࢽ(  collapses the data obtained for 
the different copolymers when the concentration, the 
volume fraction, and the continuous phase viscosity are 
systematically varied. This correlation provides useful 
guides to select the appropriate copolymer for specific 
applications. By tuning the composition and the 

architecture of the copolymers, the technology is thus able 
to comply with specific needs in terms of particle 
morphology and processing conditions. The method is 
compatible with various processing techniques such as 
membrane emulsification or microfluidic techniques. 
Further developments and industrial scale-up are under 
progress to apply the potentialities of the technique to a 
wide range of applications. From a fundamental 
perspective, this work points to the importance of the 
viscoelasticity of the continuous phase and highlights the 
specificities of emulsification in viscoelastic media. A 
microscopic theory is highly desirable to build a predictive 
framework relating the particle size and morphology to the 
different parameters of the formulation. 
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Interfacial properties of copolymer solutions 

 

Figure S1. a) Interfacial tension between aqueous solutions of PM(B,16) and silicon oil 

versus polymer concentration; the continuous line is an exponential fit to the experimental 

data. b) Fluorescence intensity of Nile Red in aqueous solutions of PM(B,16) and 

determination of the critical aggregation concentration (λexc = 543 nm). 

 



Non linear rheology of copolymer solutions 

 

Figure S2. Steady shear viscosity and first normal stress difference of aqueous solutions of 

the different copolymers used in this study (C = 3.3×10-2 g/g): : PM(L,16); : PM(B,16); 

: PM(L,12); : PM(R,12);: P. Square symbols refer to PM(R,12) at different 

concentrations:  : C = 3.3×10-2 g/g; : C = 6.6×10-2 g/g; : C = 10-1 g/g. 

 

 

 

 

 



Influence of the volume fraction of the dispersed phase on particle size 

 

Figure S3. Top: silicone oil/water emulsion gels prepared with PM(R, 12) at C = 0.033 g/g 

for increasing oil volume fractions: φ = 0.40, 0.60, and 0.70; the dye is Rhodamine B 

(λexc = 514 nm). Bottom: normalized volume mean diameter versus φ  (: C = 0.066 g/g; : 

C = 0.033 g/g); ηd = 0.52 Pa.s and γ= 103 s-1. 

 

 

 

 

 

 

  



Influence of the viscosity of the dispersed phase on particle size 

 

Figure S4: Top:  silicone oil/water emulsion gels prepared with PM(R, 12) at C = 0.066 g/g 

for ηd = 0.022, 0.52, 1.06, and 6.9 Pa.s, from top to bottom; p is given at the shear rate of 

preparation  = 103 s-1; φ = 0.40; the dye is Rhodamine B (λexc = 514 nm)  Bottom: volume 

mean diameter of droplets versus shear rate for ηd = 0.02 (), 0.52(), 1.06 (), and 6.9 

() Pa.s. 



Shelf-life stability of emulsions 

 

 

 

Figure S5: Confocal image of an emulsion taken just after preparation (a) and after six 

months (b). The dye is Nile Red (λexc = 543 nm).   


