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Abstract 

Complex aqueous emulsions represent a promising material platform for the 

encapsulation of cells, pharmaceuticals, or nutrients, for the fabrication of structured particles, 

as well as for mimicking the barrier-free compartmentalization of biomolecules found in living 

cells. Herein, we report a novel, simple, and scalable method of creating multicomponent 

aqueous droplets with highly uniform internal droplet morphologies that can be controllably 

altered after emulsification by making use of a thermal phase separation approach. 

Specifically, temperature-induced phase separation inside as-formed emulsion droplets 

comprising aqueous mixtures of two or more hydrophilic polymers allows for the generation of 

Janus and Cerberus emulsion droplets with adjustable internal morphologies that are solely 

controlled by a balance of interfacial tensions. We demonstrate our approach by applying both, 

microfluidic and scalable batch production, and present a detailed model study with predictive 

capabilities that enables fine-tuning and dynamically altering the droplet morphology as a 

function of types, molecular weights, and hydrophilicities of the polymers as well as the 

surfactant hydrophilic-lipophilic balance. The ability to rationally design complex aqueous 

emulsion droplets with previously unattainable dynamic control over their morphologies after 

emulsification entails the potential to design new responsive soft materials with implications for 

a variety of applications beyond encapsulation, including the design of complex adaptive and 

self-regulating materials, e.g. for chemical and biological sensing applications. 
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1. Introduction

Water-water phase separation in mixtures of salts and polymers via associative or 

segregative mechanisms is a well-known tool for the generation of aqueous multiphase 

systems or coacervates, respectively.1,2 The ability to create multiple biocompatible phases 

with water as a common solvent provides a powerful tool for a diverse set of applications, 

including density-based separation and fractionation of particles or cells,3 encapsulation, 

enrichment and delivery of active components,4 drop-based sequencing or 

compartmentalization of biologicals or nutrients,5 as well as for mimicking the crowded 

microenvironment found in living cells.6,7

One of the most popular examples of phase-separated aqueous polymer mixtures is 

based on the hydrophilic polymer pair poly(ethylene glycol) (PEG) and dextran (Dex) that, 

when exceeding a critical polymer concentration (commonly referred to as the binodal), turn 

biphasic and form an aqueous two-phase system (ATPS). Although phase-separated, the 

interfacial tension between the phases of such ATPS is ultralow (~1-100 µN m-1), thus 

generating a semipermeable phase boundary enabling mass transfer of small water-soluble 

molecules across the interface.8,9 Larger active components including catalysts or reactants 

can be enriched in the interior based on preferential solubility or physically trapped at the 

interface.10,11 Therefore, the water-water system can be used to sequester molecular or 

macromolecular components, such as functional biomolecules, DNA, or to support enzymatic 

activity, but also to gain spatial and temporal control of reactions and pathways, all together 

laying the basis for the development of artificial bioreactors and protocells.12-14

In this context, the development of multi-compartment, i.e. complex emulsion droplets 

has received considerable attention over the past decades.15-17 Depending on the fabrication 

technique, a variety of droplet geometries are accessible, including multiple emulsions (i.e. 

emulsions-of-emulsions),18 encapsulated core-shell structures (including onion-shaped 

droplets),19 as well as anisotropic emulsion droplets with linear morphologies.20,21 The latter 

include two-phase systems commonly referred to as Janus emulsions (droplets with two faces 
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of differing chemistries that can be individually addressed),22 and layered three-component 

“Cerberus” emulsion droplets, named after the three-headed dog of Roman mythology.23 Such 

structured liquid droplets are intriguing building blocks for a variety of applications, including 

for the fabrication of anisotropic particles,24,25 the encapsulation and release of components,26 

to modulate optical properties of materials,27-29 and as transducers in liquid sensing 

applications.30,31 However, despite the omnipresence of single phase aqueous emulsion 

technologies in a large number of products, thus far the vast majority of reported examples of 

layered complex emulsion droplets are based on organic fluids, including hydrocarbons, 

fluorocarbons, mineral and vegetable oils, or liquid crystals,32-35 and comparatively few 

techniques are available for the generation of complex, all aqueous emulsion droplets. This 

shortage particularly extends to responsive aqueous multicomponent droplets with uniform 

morphologies that can be controllably altered after emulsification. 

The difficulty of stabilizing and influencing aqueous multiphase systems inside 

emulsion droplets stems from their intrinsic physicochemical properties, such as their 

characteristically low interfacial tension, the related broad interfacial width, as well as the 

nature of the formation techniques.36 For instance, while microfluidic technologies have been 

shown to impart exceptional practicability for producing a large variety of complex emulsions 

with controllable sizes, shapes, and compartments, their applicability for the production of 

purely aqueous-based multiphase droplets has been limited due to the ultralow interfacial 

tensions and the associated difficulty to stabilize individual droplet phases.37 Alternative current 

approaches for the production of complex aqueous emulsions are based on a triggered 

coalescence of droplets by overcoming of the droplet stabilization potential, e.g. by shear- 

mixing of phase separated aqueous polymer mixtures,38 or rely on externally triggering a 

polymer phase-separation inside as-formed emulsion droplets. To this end, an induced mass 

transfer from the dispersed phase, e.g. via creating an osmotic stress imbalance39,40 or 

temperature-induced water extraction41,42 has been shown to change the local polymer 

concentration and can thus induce phase-separation for the formation of complex aqueous 

emulsions. However, these approaches result in only statistical control over the final droplet 
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geometry and require a precise control over the degree of water extraction that is necessary 

to prevent rupture of the droplet network. As a result, current methods for the production of 

complex aqueous emulsion droplets are usually associated with one or more of the following 

drawbacks: the need for sophisticated and expensive equipment, complicated manufacturing, 

multiple fabrication steps, and/or a low degree of control over the final droplet structure. In 

addition, reported examples have yet to create a system that allows to controllably vary the 

droplet geometry ultimately leading to micro-colloidal systems that can specifically present and 

hide liquid-liquid interfaces, with the potential to react to environmental or (bio-)chemical cues. 

Herein, we introduce a novel, simplified technique for the one-step fabrication of 

complex aqueous emulsions with highly controlled and reconfigurable internal morphologies 

based on a thermal phase separation approach. Specifically, we produced aqueous Janus and 

Cerberus emulsion droplets by making use of the temperature sensitivity of phase separation 

in aqueous polymer mixtures. We selected aqueous mixtures of two or more polymers that 

exist as a single phase at the preparation temperature but return to their thermodynamically 

preferred phase-separated state at room temperature (RT). At the preparation temperature, 

single-phase aqueous polymer mixtures were easily emulsified using batch-scale or 

microfluidic techniques. Upon returning to room temperature (RT), polymer phase-separation 

inside as-formed emulsion droplets was induced to yield structured complex emulsion droplets 

with highly uniform composition (Figure 1). Once formed, the phase-separation inside droplets 

could be reversibly switched between mixed and phase-separated as controlled by the 

temperature. In addition, as a result of the morphology of as-formed complex droplets being 

exclusively controlled by a balance of interfacial tensions, our approach enabled fine-tuning of 

the internal droplet morphologies as a function of type, ratio, hydrophilicity, and molar mass of 

the employed polymers, as well as type and hydrophilic-lipophilic balance (HLB) of the 

employed surfactants. The same principles of droplet transformation were extended to a four- 

phase system, thereby generating reconfigurable Cerberus emulsion droplets of higher-order 

complexity. In addition, we demonstrated the potential use of our aqueous complex emulsions 

for the fabrication of responsive materials. The latter is showcased by a dynamic and reversible 
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Figure 1. Temperature-controlled phase-separation of aqueous polymer mixtures can be 

used to create complex aqueous emulsions. At certain concentrations, aqueous solutions of 

hydrophilic polymers (displayed is an aqueous solution of PEG (35 kDa) and Dex (40 kDa)) are miscible 

at low temperatures and can be emulsified to yield single phase emulsion droplets. Upon returning to 

RT, polymer phase separation inside as-formed emulsion droplets leads to the formation of Janus 

emulsions with highly controllable and uniform internal droplet morphologies. The dye reactive blue 160 

selectively partitions into the PEG phase. Scale bar: 50 µm. 

reconfiguration of droplet morphology induced by (bio-)chemical triggers, i.e. a variation of 

surfactant composition or an enzymatic reaction-driven reorganization of the internal droplet 

morphology thus leading to a system capable of optical visualization of enzymatic activity. 
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2. Materials and methods

2.1. Chemicals. All listed chemicals were of analytical grade and used as received without any further 

purification: Hydrophilic polymers: poly(ethylene glycol) (PEG) 3.35k (Sigma-Aldrich), PEG 35k (Sigma- 

Aldrich), Ficoll 400 (Sigma-Aldrich), Polyvinylpyrrolidone 58 k (Acros Organics); Dextran 40k (TCI 

Europe), Pullulan (TCI Europe); Dextran 500k (Alfa Aesar); Surfactants: Span 20 (Sigma-Aldrich), Span 

80 (Sigma-Aldrich), and Span 85 (Sigma-Aldrich); Enzyme: Dextranase from Penicillium sp. (Sigma- 

Aldrich); Dye: Reactive blue 160 (Sigma-Aldrich); Continuous phase: Tetradecane (Sigma-Aldrich). 

Deionized (DI) water was used in all experiments. 

2.2. Instruments. UV-Vis absorption spectra were recorded using a T70+ UV/Vis spectrophotometer 

from PG Instruments Ltd. Isothermal titration calorimetry (ITC) measurements were performed with a 

VP-ITC calorimeter (Northampton, MA). Microscope images were recorded on a Bresser Trino and a 

Bresser Science IVM-401 inverted microscope. For recording top and bottom-view micrographs, 

emulsion droplets were deposited into an Invitrogen Attofluor Cell Chamber from Thermo-Fisher 

Scientific. Side-views of the droplets were taken using a horizontal microscopy setup on a Krüss contact 

angle measuring system G10. The droplets were placed upright in a 0.2 mm cuvette. A white screen 

illuminated the sample from the back. For the preparation of monodispersed complex aqueous emulsion 

droplets we used a commercial microfluidic setup. The flow rates were controlled by a Fluigent Flow-EZ 

pressure control platform and we used a flow focusing hydrophilic glass large droplet junction chip with 

a 100 µm channel depth, purchased from Dolomite Microfluidics. 

2.3. Determination of ATPS Phase Diagrams. The phase diagrams of aqueous polymer mixtures were 

routinely determined by turbidimetric and cloud point titration for each polymer combination in H2O as 

described by Albertsson.1 In brief, for the phase diagram determination using the turbidimetric titration 

method we first prepared concentrated stock solutions (20 wt.%) of two different hydrophilic polymers 

in DI water and the solution of component 2 was added stepwise to a stirred solution of component 1. 

At the cloud point, the mixture turned turbid indicating the formation of a two-phase mixture. Knowing 

the concentrations of the stock solutions, the polymer composition at the cloud point could be readily 

calculated. Subsequently, the mixture was diluted with small volumes of DI water until the cloud point 

was crossed. The solution was repeatedly taken above and below the cloud point by subsequent 

addition of the stock solution of component 2 or DI water (zig-zag line in Figure S1). This procedure 

was repeated until the full binary was recorded. In addition, we recorded the phase diagrams using the 
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cloud point titration method. Here, we started by preparing 4 g of a concentrated stock solution of the 

two polymers of known composition in DI water within the 2-phase region of the phase diagram. Mixtures 

of known compositions were then diluted down using DI water, until, at the cloud point, they turned clear 

indicating the formation of a single phase. The resultant polymer composition at the point of transition 

was calculated. In both methods the data sets were collected at three different temperatures, namely 

5°C, RT (25°C), and 50°C, to reveal the temperature dependency of the phase transition in polymer 

mixtures. To verify these results and to precisely quantify the temperature dependency of the phase 

transition in two-polymer mixtures, we recorded isothermal titration calorimetry (ITC) dilution profiles. In 

ITC experiments, concentrated stock solutions of an aqueous polymer mixture (total polymer 

concentration: 10 wt.%; total volume: 0.73 mL) of known composition were diluted down with equal 

volumes of DI water (dilution speed: 10µL min-1) until the binary was crossed (see Figure S1). In the 

dissolution heat profiles a maximum in the recorded dilution heat indicated the point of transition to a 

single-phase aqueous polymer mixture. The resultant polymer composition at the point of transition was 

back-calculated, knowing the total volume of added DI water, to precisely quantify the polymer 

concentrations at the binodal line. For the tested polymer combinations, we observed that the binodal 

at lower temperature was above the binodal at room temperature. To display the temperature 

dependency of phase transition, we recorded temperature-dependent UV-Vis absorption measurements 

(Figure S2) of four aqueous polymer mixtures of known compositions. 

2.4. General procedure for the fabrication of aqueous Janus emulsion droplets. In a typical 

experiment we started by preparing a concentrated stock solution of two hydrophilic polymers in DI water 

in the desired volume ratio in the phase separated state. Similarly, to the turbidimetric determination of 

the phase diagrams described above, this mixture was subsequently diluted down by stepwise addition 

of DI water. At concentrations close to the binodal, the phase separation of ATPS was significantly 

slowed down indicating overall polymer concentrations in the 2-phase regime, but close to the binodal 

line. In cases where the cloud point was crossed, the mixtures turned clear indicating the formation of a 

one-phase system. In these cases, a small volume of concentrated polymer stock solution was added 

in order to return to the phase-separated state right above the binary at room temperatures. These 

phase-separated mixtures were subsequently cooled down to ~7°C in a water bath resulting in phase 

mixing. Once cooled and miscible, the two polymer mixtures were emulsified within a surfactant (1 wt.% 

Span 80 or Span 85) containing hydrocarbon oil (tetradecane) at 7°C, either in bulk by shaking (vortex- 
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mixing) or by using a flow focusing glass hydrophobic microfluidic chip with a 100 µm channel depth 

(Dolomite Microfluidics). The temperature of 7°C was chosen to ensure the tetradecane was kept above 

its freezing temperature. In the vortex-mixing approach, 100 µL of the cooled aqueous polymer solution 

was injected into 1000 µL of the cooled surfactant solution in tetradecane. Once formed, the emulsions 

were allowed to warm up to RT to induce phase separation within the droplets. In the microfluidic 

production route, cooled solutions of both the surfactant containing hydrocarbon oil and the aqueous 

polymer mixture were injected into the microfluidic chips. The flow rates were controlled by a Fluigent 

pressure MFCS-EZ pressure controller, thus providing the ability to vary the size of the droplets (from 

~50 µm to 150 µm). The resulting emulsion droplets phase-separated within minutes when kept at RT 

and were stable during the time periods used (in the order of days). A cooling of the emulsion droplets 

below RT resulted in phase mixing, which occurred in the timescale of hours. 

2.5. Fabrication of three phase aqueous ‘Cerberus’ emulsion droplets. Analogous to the fabrication 

of aqueous Janus emulsions using a two-phase polymer mixture, for the preparation of three-phase 

‘Cerberus’ emulsion droplets, we started by preparing a concentrated stock solution of three hydrophilic 

polymers, which was then diluted down using DI water to approach the coexistence line at RT. The 

starting concentrations of the three polymers were chosen according to the phase diagrams of three 

phase polymer mixtures. To record the phase diagrams of three phase polymer mixtures we started by 

preparing stock solutions (20 wt.%) of all three polymers. By varying the polymer concentration of 

polymers 1 and 2, but keeping a fixed polymer concentration of polymer 3 we obtained phase diagrams 

of three-phase polymer mixtures as displayed in Figure S11. These phase diagrams of the three- 

component polymer mixtures feature four regions, a single phase region where polymers 1, 2 and 3 mix, 

a phase separated three-phase regime, and two 2-phase regimes in which either polymer 1 and 3 or 2 

and 3 mix but are phase separated from the polymer rich phase comprising polymer 2 or 1, respectively. 

For the fabrication of Cerberus emulsion droplets, we used three phase aqueous polymer mixtures that 

form three separated phases at RT, but transition to a single mixed state at lower temperatures (7 °C). 



9 

3. Results and discussion

For the preparation of complex water emulsions based on temperature-induced phase 

separation in aqueous polymer mixtures, an investigation of the phase diagrams is key (Figure 

2a). At low polymer concentrations (i), such aqueous mixtures of two hydrophilic polymers exist 

as a single phase, and at high concentrations phase separation occurs (iv). The two regions 

of the diagram are separated by a coexistence curve, commonly referred to as the binodal. In 

designing our method, we made use of the fact that the location of this binodal curve can be 

altered by changing the temperature of the system. We recorded the phase diagrams for 

aqueous two-component mixtures of the hydrophilic polymers at three different temperatures 

by turbidimetric titration and the cloud point method, as reported previously.1 We found that for 

all tested polymer combinations the binodal at 5 °C shifted to higher polymer concentrations. 

In other words, polymer concentrations that lie in between two binodals (ii and iii) exist as a 

single phase at lowered temperatures, but return to a two phase mixture when increasing the 

temperature. It should be noted that in principle, this temperature-induced shift of the binodal 

can happen vice-versa, as previously observed for ATPS.1,13 In order to precisely quantify the 

cloud point of two-polymer mixtures at different temperatures, we recorded isothermal titration 

calorimetry (ITC) dilution profiles. By diluting down a concentrated stock solution of an aqueous 

polymer mixture in the two-phase regime with equal volumes of water the binary was crossed. 

At polymer concentrations close to the coexistence line, we observed a maximum in the 

dissolution heat, which enabled a quantitative determination and comparison of the cloud point 

at different temperatures (Figure 2c). For instance, the cloud point of a 1:1 mass ratio of PEG 

(3.35 kDa) and Dex (40 kDa) decreased gradually from 8.4 wt.% to 7.9 wt.% and 7.4 wt.% 

overall polymer concentration, for the temperatures of 5, 25, and 50 °C, respectively (Figure 

2c). Aqueous mixtures of the polymers in between the two binodals exist as a single phase at 

lower temperature but return to a two phase mixture at room temperature. 
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Figure 2. Temperature-dependent phase separation in ATPS. a) Schematic phase diagram of an 

aqueous mixture of two hydrophilic polymers, outlining the temperature-dependency of the location of 

the binodal curve that divides the region of component concentrations that will form two immiscible 

aqueous phases from those that will form a single phase. Inset images display the variation in volume 

ratio of the constituent phases at three different locations on the tie line. b) Images of aqueous solutions 

containing PEG and Dex polymers at different concentrations illustrating the temperature-dependency 

of phase separation. c) ITC dilution graphs of a 10 wt.% PEG 35 kDa-Dex 40 kDa (ratio: 1:1) solution 

at three different temperatures. 

In our approach, any polymer composition that lies in between two binodals at different 

temperatures can in principle be used to prepare complex emulsions. With the phase diagrams 

of aqueous polymer mixtures at different temperatures at hand, we explored the feasibility of 

using temperature-induced phase separation for the fabrication of complex aqueous emulsions 

by emulsifying a cooled mixture (5 °C) of PEG and Dex polymers at concentrations close to 

the binodal line at RT where it exists as single phase. Complex double emulsions were readily 

produced by shaking or vortex mixing the cooled single-phase aqueous solution in a surfactant- 

containing hydrocarbon oil (1 wt.% Span 85 in tetradecane). After emulsification, the as- 

formed emulsion droplets were allowed to warm up to RT, which induced spontaneous phase 

separation to yield structured complex aqueous emulsion droplets (Figure 1 and Supporting 
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Video V1). Notably, although more slowly, this phase separation proved to be reversible and 

phase mixing could be readily induced by cooling the emulsion droplets. Although the resulting 

complex droplets were polydisperse, the morphology and composition, i.e. the internal shape 

as well as the volume ratio of the two phases, were highly uniform across the samples. The 

same principle of droplet formation via thermal phase separation was applicable to the 

microfluidic production of emulsion droplets, thus generating monodisperse droplets with 

highly uniform morphologies. All emulsion samples, prepared by shaking, vortex mixing or 

microfluidics, were stable and did not exhibit any coalescence over a period of at least one 

week. 

As a result of the ultralow interfacial tension between the aqueous polymer phases the 

droplets assumed a spherical shape and adopted an internal configuration that reflected the 

balance of interfacial tensions at the external interfaces, i.e. the two individual droplet phases 

with the continuous oil phase (Figure 3a).43 In the case of a mixture comprising PEG and Dex 

polymers, the as-formed complex emulsions adopted a layered ‘Janus’ morphology with the 

two individual phases in gravitational alignment, i.e. the PEG-rich phase at the top and the 

heavier Dex-rich phase at the bottom. We observed chemical partitioning of components that 

are preferably dissolved in one of the two polymer-rich aqueous phases resulting in directed 

compartmentalization of solutes such as fluorescent markers, thereby allowing us to easily 

distinguish between the two phases. 

To quantify and analyze the droplet morphology as a function of the type, concentration, 

molar mass, and hydrophilicity of different polymers we used the contact angle (𝜃) at the three- 

phase junction, as determined by side-view images of the respective droplet configurations. 

As displayed in Figure 3a, two circles that define the inner and outer interfaces of the droplets 

were used to determine the contact angle by the law of cosines (for details see SI). We found 

that the internal droplet morphology, as defined by the contact angle is determined by the 

intrinsic hydrophilicity of the constituent phases. Consequently, the internal shape could be 

controllably altered by variations in the molar masses of PEG and Dex polymers (Figure  3b). 
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While droplets formed from PEG 35 kDa and Dex 500 kDa assumed an almost perfect Janus 

configuration, when prepared in a Span 85 surfactant solution (θ = 99°), a decrease of the 

molar mass of PEG to 3.35 kDa led to an internal configuration in which the upper phase 

almost encapsulated the Dex-rich phase (θ = 154°), indicating a preferential decrease in the 

interfacial tension of the PEG-rich upper phase with the continuous oil phase (𝛾p1/o) as a result 

of the decreased hydrophilicity. The latter is attributed to a decrease in water content in the 

upper phase, as reported previously. 1 Similarly, a decrease of the molar mass of Dextran to 

40 kDa also resulted in an increase of bottom phase hydrophilicity and thus a decrease of the 

interfacial tension 𝛾p2/o. Consequently, the changed balance of interfacial tensions resulted in 

a lowered contact angle of θ = 70°. 

To validate the proposed sole dependency of the internal droplet morphology on solely 

the hydrophilicity of the constituent phases, we determined the contact angle of complex PEG- 

Dex aqueous droplets with varying volume ratios. The concentration of each polymer in the 

top and bottom phase is given by the intersection of the tie-line on which that composition lies 

with respect to the coexistence curve. At the same tie-line, phase-separated ATPS exist as 

two phases, but differ in volume as indicated in Figure 2a. Thus, the volume ratio could be 

adjusted by variations in the concentration ratio of the two polymers. In these experiments 

different polymer concentrations ratios yielded asymmetric double emulsion droplets with 

varying volume ratios of the individual compartments, whereas the contact angle remained 

unaffected (Figure 3c). 
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Figure 3. Droplet morphology as a measure of the balance of interfacial tensions. a) Geometry of 

aqueous Janus droplets: As a result of the ultralow interfacial tensions between the constituent phases 

the droplets assume a spherical shape and adopt an internal configuration, as defined by the contact 

angle 𝜃, that reflects the balance of interfacial tensions at the external interfaces. From the two circles 

that define the inner and outer interfaces of the droplets, the contact angle can be determined using the 

law of cosines. b) Optical micrographs of Janus emulsion droplets formed from PEG and Dex polymers 

with different molar masses. The droplets assume different internal morphologies due to variations in 

the hydrophilicity of the resulting compartments. Surfactant: Span 80; Scale bar: 50 µm. c) Droplet 

morphology as a function of the volume ratio of the constituent phases. Surfactant: Span 85. Scale bar: 

50 µm. Error of a contact angle determination is given as a standard deviation of contact angles of 10 

individual complex droplets. 

Beside the molar mass of the constituent polymers, we next anticipated that variations 

in the polymer composition of the ATPS affect the resulting droplet morphology. Therefore, we 

produced Janus emulsions from various combinations of suitable pairs of the hydrophilic 

polymers PEG, Dex, Pullulan, Ficoll, and polyvinylpyrrolidone (PVP). Depending on the 
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intrinsic hydrophilicity of the polymers, as described by their positioning on the hydrophobic 

ladder,[1] the resulting Janus droplets assumed morphologies that reflected the balanced 

interfacial tensions of the polymer phases with the continuous oil phase 𝛾p1/o and 𝛾p2/o. As a 

result, the morphology of Janus emulsions could be established as a simple indicator to 

estimate polymer hydrophilicity, which is a key requirement for bioseparation science.[27] For 

instance, comparing the contact angle of double emulsion droplets formed from PEG and the 

PEG-compatible hydrophilic polymers PVP, Ficoll, Dex, and Pullulan resulted in an increase 

of the contact angle 𝜃, which directly correlated to the increased hydrophilicity of the respective 

polymer rich aqueous phases, as displayed in Figure 4a (similar hydrophilicity as PEG would 

result in a contact angle of 𝜃 = 90°). 

This approach for the controlled fabrication of uniform aqueous multiphase droplets 

could be extended to a more complex system. We leveraged our understanding of the resulting 

geometries of complex double emulsions to controllably construct three component, i.e. 

Cerberus emulsion droplets. Similarly to two phase mixtures, we prepared a mixture of three 

compatible polymers PEG, Dex and Ficoll, at concentrations close to the binodal curve at room 

temperature and observed a similar temperature-induced phase-separation profile. 

Subsequent cooling resulted in a single-phase mixture that could be emulsified. As expected, 

wetting properties of the polymer phases from Janus droplets could be transferred to the 

Cerberus droplets, as evidenced in side-view images after phases inside the droplet aligned 

by gravity. As displayed by the side-view micrographs in Figure 4b, the resulting droplets 

assumed an internal morphology balancing the interfacial tensions at all three external 

interfaces. The droplet shapes closely followed the observed morphological trend of Janus 

droplets and confirmed that variations in the hydrophilicity of the constituent phases are an 

effective parameter to manipulate the balance of interfacial tensions and thus the droplet 

shape. 
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Figure 4. Janus droplet morphology as an indicator of polymer hydrophilicity and to predict the 

geometry of droplets with higher complexity (Cerberus droplets). a) Graphical representation of 

the contact angles of Janus emulsions formed from PEG and a series of PEG-compatible hydrophilic 

polymers. b) Optical side-view micrographs of Janus droplets for combinations of the polymers PEG, 

Dex and Ficoll and internal geometry of a Cerberus emulsion droplets composed of a mixture of all three 

polymers. Scale bar: 50 µm. Error bars show standard deviation of contact angles of 10 individual droplet 

samples. 

In the following, we anticipated that dynamic variations in the droplet geometry could 

be used for an in-situ monitoring of dynamic variations of interfacial tensions. Leveraging the 

understanding of a controllable fabrication of complex aqueous emulsion droplets in various 

shapes we tested whether dynamic morphological transitions could be induced in response to 

(bio-)chemical cues. A demonstration of the triggerable and reconfigurable nature of the 

complex aqueous emulsions required to externally influence the balance of interfacial tensions. 

As such, small variations in surfactant effectiveness, as defined by their hydrophilic-lipophilic 

balance, transduced into a spontaneous dynamic reconfiguration of the internal droplet 

morphologies. Whereas droplets prepared in Span 85 (HLB = 1.8) assumed a close to 

encapsulated morphology (𝜃 = 30°) a stepwise addition of Span 20 (HLB = 8.9) resulted in an 

‘opening up’ of the droplets and a droplet morphology inversion towards a perfect Janus state 

(𝜃 = 87°). Thus, the internal morphologies could be dynamically and reversibly reconfigured by 
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Figure 5. Dynamic morphological reconfiguration of complex aqueous emulsion droplets in 

response to (bio-)chemical triggers. a) Contact angle of aqueous Janus emulsions as a function of 

surfactant HLB. b) Optical visualization of enzyme activity using dynamically reconfigurable aqueous 

Janus emulsions: Enzymatic cleavage of high molecular weight dextran inside droplets prepared from 

PEG and Dex polymers containing dextranase in different concentrations (10 mg/mL or 20 mg/mL) 

results in variations of the internal droplet geometry as monitored by recording the contact angle at the 

three-phase contact line. Insets in both graphs show optical side-view micrographs of the aqueous 

Janus emulsions. Scale bar: 50 µm. Error bars show standard deviation of contact angles of 10 individual 

droplet samples. 

The associated understanding of the chemical-morphological coupling inside aqueous 

Janus emulsions further enabled us to induce droplet morphological transitions by changing 

inducing small variations in the balance of 𝛾p1/o and 𝛾p2/o, yielding complex emulsions capable 

of responding to chemical cues. 

the local interfacial tensions in response to enzymatic activity. We fabricated droplets 

comprised of a PEG-rich upper phase and dextran-rich bottom phase. These molecularly- 

crowded compartments of the aqueous double emulsion droplets can be used to encapsulate 

enzymes, such as dextranase, an enzyme catalyzing the cleavage of 1,6-alpha-D-glucosidic 

linkages in dextran. An in-situ observation of the internal droplet morphology enabled us to 

optically visualize dextranase activity by means of a reconfiguration of droplet morphology 
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(Figure 5b). In these experiments we monitored the contact angle of double emulsion droplets 

prepared from high molecular weight dextran. Upon depolymerization, the droplets 

reconfigured their morphology, and the contact angle of such emulsions decreased gradually, 

until mixed. This dependency of the droplet morphological reconfiguration on the dextranase 

concentration demonstrates that aqueous complex emulsion droplets of controllable 

composition and dynamically reconfigurable morphology could provide as a novel adaptive 

material in new and improved emulsion technologies, e.g. for biosensing applications. 

4. Conclusions

Taken together, we report a new approach for the facile generation of complex aqueous 

emulsion droplets with highly uniform and reconfigurable morphologies. Conventional 

techniques for the fabrication of complex aqueous emulsion droplets rely on droplet 

coalescence, mass-transfer from the dispersed phase, or the use of sophisticated tapered 

microfluidic channels, which are limited by their complexity, throughput, or repeatability. By 

making use of a simple temperature-induced phase separation in aqueous multi-polymer 

mixtures, the current approach resolves most of these limitations and is easy to scale, i.e. the 

synthesis of aqueous complex emulsion droplets has been disruptively simplified, which offers 

exciting possibilities en route towards the fabrication of complex adaptive and self-regulating 

microreactors. The geometry of our complex aqueous emulsion droplets was found to be 

mutually controlled by the hydrophilicity and the volume ratios of the two polymer-rich phases. 

As a consequence, morphological fine-tuning could be achieved by controlled variations in the 

type or molar mass of constituent polymers as well as the surfactant hydrophilic-lipophilic 

balance. Dynamic variations of these variables, e.g. in response to (bio-)chemical triggering 

events demonstrated the adaptive, i.e. reconfigurable and triggerable nature of the aqueous 

complex emulsion droplets. Multicompartment aqueous emulsion droplets with the 

characteristic ability to controllably alter their internal morphology and symmetry will provide 

as new active element for the encapsulation of biologicals, as structural templates to control 
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the conversion to precision objects, or as broadly deployable transducer in chemo- and bio- 

sensing platforms. 
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