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Abstract 

Coacervation is a phase separation process involving two aqueous phases, one solute-phase 

and one solute-poor phase. It is frequently observed among oppositely-charged 

polyelectrolyte systems. In this study, we focus on self-coacervation involving a single 

polymer chain and investigate its potential for encapsulation applications. 

Negatively charged polyacrylic acid polymer chains were partially cationized using diamine 

and carbodiimide chemistry affording ampholytes, named PAA-DA, with tunable charge 

ratio. When dispersed in water, at pH 7, PAA-DA was soluble but a phase separation occurs 

when decreasing pH close to the isoelectric point. Coacervation is found only for a given 

amine-to-acid ratio otherwise precipitation is observed. Increasing the pH above 4 yielded 

progressive destruction of the coacervates droplets via the formation of vacuoles within 

droplets and subsequent full homogeneous redispersion of PAA-DA in water. However, 

addition of calcium allowed increasing the coacervate droplet stability upon increasing the pH 

to 7 as the divalent ion induced gelation within droplets. 
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Moreover, the coacervate droplets present the ability to spontaneously sequestrate a broad 

panel of entities, from small molecules to macromolecules or colloids, with different charges, 

size and hydrophobicity. Thanks to the reversible character of the coacervates, triggered-

release could be easily achieved, either by varying the pH or by removing calcium ions in the 

case of calcium-stabilized coacervates. Self-coacervation presents the advantage of pathway-

independent preparation, offering a real output interest in pharmacy, water treatment, food 

science or diagnostics. 
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1. Introduction 

Coacervation refers to a phase separation directed by electrostatic interactions of charged 

molecules in aqueous environment. Coacervates form turbid solutions made of micrometric 

liquid droplets having a spherical shape that generally coalesce, further yielding macroscopic 

phase separation. Two types of coacervation phenomenon are distinguished: the complex 

coacervation and the simple or self coacervation.  

Complex coacervation results from the complexation between two electrolytes of opposite 

charge and is commonly described in the literature.[1] Binary mixtures of biological (DNA, 

proteins fatty acid, polysaccharides …) and synthetic compounds (polymers, surfactants, 

polyelectrolytes) can form complex coacervates.[2-8] Despite the multiple pathways available 

to understand coacervation processes in these systems, the control of such phase separation is 

still challenging.[9-11] 

Self-coacervation is a phase separation resulting from the loss in solvency of a single 

macromolecule, where the driving force is related to the charge balance that occurs varying 

the pH, ionic strength or temperature.[12,13] In contrast to complex coacervation, few 

examples, mostly exploiting proteins are found in the literature.[14,15] For instance, adhesive 

systems used in many marine organisms such as mussels constitute a natural example of self-

coacervation, where the loss of solvency is directed by a strong cation−π interaction in saline 

water.[16-18] 

In both cases of complex and self-coacervation, the polymers are concentrated within the 

liquid droplets embedded in a continuous water phase that may contain diluted polymers in 

equilibrium. The phenomenon strongly depends on the charge ratio, the ionic strength and the 

pH that trigger the interactions between polymer chains or intra-chain interactions.  

Mixtures of opposite charged polymers may also lead to aggregation or precipitation 

phenomenon that is different to the coacervation phenomenon. In a such a case, a solid is 

formed and droplets are no longer observed. These amorphous solid particles constitute a 

limitation in terms of applications as their physico-chemical properties are completely 

different from coacervates. A milestone is to study in details the polymer interactions as these 

two phenomenon results from a fragile equilibrium.[19,20] 

Coacervates are of fundamental interest for understanding their formation and offer practical 

applications since they are able to sequester chemicals. Indeed, they have the ability to 

spontaneously sequestrate components of interest ranging from small molecules to living 
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cells.[21,22] Moreover, such approaches in all-aqueous media, offer a mild environment for 

many applications as the design of bioreactors, protocells or organelles.[23-25] 

In this work, we have exploited a synthetic polymer chain that bears both positively and 

negatively charges by grafting amine groups on a polyacrylic acid polymer chain via 

carbodiimide-chemistry. The ratio of the polymer charges was controlled by the grafting 

degree of the ampholyte and the pH of the solution. The self-coacervation is generated close 

to the isoelectric point of the ampholyte polymer with no additional molecules. This 

investigation highlighted the existence of an equilibrium between the coacervation and 

precipitation phenomena occurring generally in complex coacervation.  

Additionally, these micrometric coacervates have the ability to spontaneously sequester 

various entities presenting different charges or hydrophobicity degrees. The spontaneous and 

reversible sequestration in such coacervates was investigated by fluorescence spectroscopy. 

We have also observed the formation of vacuoles, which are characteristic of a metastable 

state by slowly modifying the pH of the solution. Finally, we have increased the stability of 

the coacervates at neutral pH, upon addition of calcium ions, which induced gelation of the 

polymer within droplets.  
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2. Materials and methods 

2.1. Materials 

N,N’-dimethylethylenediamine (98%), 1-Ethyl-3- (3-dimethylaminopropyl) carbodiimide 

hydrochloride (EDC, >98%), calcium chloride (CaCl2),  Ethylenediaminetetraacetic acid 

(EDTA), fluorescent dyes such as rhodamine B, Fluorescein isothiocyanate (FITC), coumarin, 

Diethylaminoethyl (DEAE)-Dextran (3-4kDa and 150kDa), Carboxymethyl (CM)-Dextran 

(150kDa), Dextran-Rhodamine B (10 and 70kDa) were purchased from Sigma-Aldrich. 

Polyacrylic acid (25 wt% solids in water Mn= 50,000 g/mol) was purchased from 

Polysciences. 

 

2.2. Methods 

2.2.1. PAA-DAx polymer chains 

2.2.1.1. Synthesis of ampholyte polymer chains 

At room temperature, 3.0 mmol of PAA 25w% solids in water (Mn=50 kDa) were dissolved 

in 15 mL of milliQ water. 9 mL of solution of N,N’-dimethylethylenediamine (from 0.05 to 

0.40 eq/Carboxylic groups) were introduced in the mixture. The pH was adjusted to 6 using 

NaOH (1 M). A solution of EDC (1.1 mmol, 0.4 eq/Carboxylic groups, 6 mL) was prepared 

independently and the pH was fixed to 5-6. The EDC solution was then added dropwise in the 

PAA/N,N’-dimethylethylenediamine mixture. The solution was stirred for at least 1h.  

A purification procedure of the ampholyte polymer chains was done by a precipitation process 

in a mixture of acetone and water (2/1 vol.) in presence of salt (NaCl = 100 mM). The 

precipitate was recovered and further dissolved and dialyzed against water. The purified 

polymer was recovered by freeze-drying. 

 

2.2.1.2. Proton nuclear magnetic resonance 

1H NMR spectra in D2O (C = 10 mg.mL-1) were recorded at 300 K with 16 scans using a 

Bruker 400 MHz spectrometer. The degree of functionalization was determined by the 

integration of the grafted diamine signal relative to the signal of polyacrylic acid (Table S1). 

Various polymers were synthesized, named PAA-DAx, where x represents the degree of 
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diamine functionalization ranging from 5 to 40% relative to the number of carboxylic acid 

groups. 

2.2.1.3. Potentiometric titrations of PAA-DAx polymer chains 

Potentiometric titrations were done in order to investigate the pH dependence of the PAA-

DAx polymer chains. The positive to negative ratio was determined via the analysis of the 

degrees of ionization of carboxylic and diamine groups. PAA-DAx solutions were prepared at 

a concentration of 5 g.L-1 (pH = 6.15). Titrations of 15 mL of the PAA-DAx solution were 

performed with 0.1 M HCl at room temperature. 

 

2.2.2. Self-coacervation of ampholyte polymer chains 

2.2.2.1. Fabrication of PAA-Dax coacervates 

0.5%wt of PAA-DAx polymer chains were dissolved in a MES buffer (pH=6) at 4°C. The pH 

of the solution was decreased until the apparition of turbidity, related to the coacervation 

process. The solution was kept at 4°C before characterization. 

 

2.2.2.2. Microscopic observation 

Bright field images were obtained using a Zeiss microscope (Image M1). Confocal 

microscopy imaging was performed using a Leica TCS-SP5 inverted microscope equipped 

with a laser source and a spectral selector module in front of the photomultiplier tube (PMT) 

detector. SEM images were acquired on a Hitachi TM-1000 field emission scanning electron 

microscope with a 15.0 kV voltage. The samples were prepared as follow: a drop containing 

coacervates was deposited on a glass slide and freeze-dried to preserve the fragile structure.  

 

2.2.2.3. Turbidimetric titrations 

The turbidimetric titrations were carried out at 600 nm by using a UV spectrometer (Varian – 

Cary 100 scan UV-Visible spectrophotometer). The pH and the transmittance were monitored 

30 minutes after the mixing procedure.  
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2.2.2.4. Surface charges measurements 

The Zeta potential of the colloids was measured using Zetasizer Nanoseries (Malvern) via 4 

mW He/Ne laser (632.8 nm wavelength) with a scattering angle of 175° and the temperature 

was set at 25 °C. Samples were prepared by dispersing 0.5 %wt of a solution containing 

coacervates at pH=3.5.  

 

2.2.3. Sequestration of chemical entities in coacervates 

Entities of interest (molecules, macromolecules or latex [26]) were introduced in a stock 

solution of PAA-DAx (0.5 %wt, pH=6, no coacervates). Then, the pH of the solution was 

decreased to 3.5 to form coacervates. Direct observations were performed using bright field 

and fluorescence microscopies.  

In order to quantify the molecular sequestration, two solutions containing 12.5µg/L of 

fluorescently labeled molecules in MES buffer were fabricated. As the first one constitutes the 

reference, the other contained PAA-DAx ampholyte chains (0.5 wt%). The pH of both 

solutions was decreased to 3.5 before centrifugation at 500 rpm during 15 minutes. 100µL of 

the supernatant were dispersed in 2mL of a buffer solution at pH 7 prior to spectroscopic 

fluorescence characterization.  

 

2.2.4. Stabilization of the coacervates at neutral pH 

The stabilization of the coacervates at neutral pH was carried out by introducing a chemical 

linker. 75 µL of a solution of CaCl2 (1 M) was introduced in 2mL of a solution containing 

coacervates at pH 3.5. The solution was rested at least 3 hours before the slow increase of the 

pH towards the pH of the MES buffer (~6).  
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3. Results and discussion 

3.1. Preparation of PAA-DAx ampholyte polymer chains 

A poly-acrylic acid (PAA) polymer chain was modified by grafting a diamine group through 

an 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide) –EDC- coupling (Figure 1A). The 

diamine randomly reacted only at one end on some carboxylate groups of PAA to yield an 

amide bond, whereas the other end provided a free amine group. The amine group was 

positively charged at a pH below its pKa, i.e. 10.5, whereas the carboxylic group of PAA was 

negatively charged at a pH above 4.2 (pKa for poly(acrylic acid), from chemical Handbook). 

Controlling the initial amount of the diamine groups compared to the carboxyl groups led to 

the fabrication of several ampholyte polymers with different ratio of positive and negative 

charges. After purification steps to remove excess diamine, ampholyte PAA-DAx, with x 

ranging from 5 to 40 were obtained.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1: A) Chemical structure of PAA-DAx ampholyte polymer. B) 1H-NMR spectrum of 

PAA-DA10 (ppm): 1.3-2.0 (4H, -CH2, PAA), 2.1-2.3 (2H, -CH, PAA), 2.7 (3H, -CH3, DA), 

2.9 (3H, -CH3, DA), 3-3.3 (4H, -CH2, DA). a, b, c, d, e, f represent equivalent protons as 

indicated on the chemical structure (A). 

A 

B 
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The resulting diamine-grafted PAA (PAA-DAx) was characterized by 1H-NMR and as 

an example, we present the spectrum for x=10 (Figure 1B). The chemical shifts at 1.3–

2.5 ppm were attributed to the protons of the PAA polymer chain (a and b) whereas the 

others (c, d, e and f) were assigned to the diamine moiety (see also Figure S1). 

Once the spectra obtained, digital integrations for each peak were performed, allowing 

measuring the degree of functionalization (Table S1). The resulting experimental 

values are in accordance with the number of chemical groups initially introduced in the 

solution.  

 

3.2. Phase separation of PAA-DAx, precipitation versus coacervation 

We have selected ampholyte polymer chains with various degree of functionality from 

5 to 40%. Each ampholyte polymer chain was dispersed in deionized water at a pH of 6 

([PAA-DAx] = 5g/L). Decreasing pH lead to two different behaviors: i) For PAA-DAx 

with x ranging from 10 to 25, a cloudy solution, corresponding to a phase separation in 

the aqueous solution, appeared in a range of pH from 3.0 to 4.5. This phenomenon was 

highlighted by the open marks on the phase diagram in Figure 2. ii) For x below 5 and 

above 30, the phase separation never occurred as the solution remained limpid 

whatever the pH.  

It appears that the ratio between positively and negatively charged groups plays a 

fundamental role on the occurrence of the phase separation by varying the pH. These 

results can be compared to the phenomenology occurring in mixtures of two 

oppositely-charged polymers. Indeed, beyond the appropriate charge ratio range, the 

polymer chains do not interact, leading to a solubilization of the polymer rather than 

their assembly.27  

Exploiting the potentiometric titration, we determined the value of the isoelectric point 

(IEP) of the ampholyte chain. We found 3.2 for a modification of 15%, 3.5 for 20% 

and 3.7 for 25%. Grafting a higher amount of amine groups yielded a shift of the IEP 

towards higher values, consequently increasing the positive to negative charge ratio. 
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Figure 2: Potentiometric titration of the PAA-DAx (0.25 mM). Diamond, x= 25; 

triangle, x= 20; Square, x= 15. [PAA-DAx]= 5 g/L, Titrant solution: [HCl]=0.1M. The 

phase separation is highlighted by open marks. Inset: Photos of sample vials out of the 

phase separation regime (left, limpid) and in the two-phases domain (right, turbid).  

 

We then more deeply studied the turbid samples obtained at the pH of the IEP to 

determine whether coacervation or precipitation phenomenon occurred in these 

experimental conditions.[28] The samples were directly visualized by microscopy and 

freeze-dried before their observation by SEM. For PAA-DA15, spherical droplets with 

micrometric dimensions were observed as shown in Figure 3 A&B. These polymer-

rich droplets were identified to be coacervates, regarding their smooth, spherical and 

regular surface. Their diameter distribution, centered at 3.5 µm, was quite large, with a 

standard deviation of 1.4 µm as shown in Figure S2. In order to confirm that these 

drops contained concentrated polymers, PAA-DA15 were fluorescently labelled with 

fluoresceinamine via EDC coupling chemistry. 0.02%wt of this fluorescent ampholyte 

were mixed with non-labelled polymer chains and dispersed in the buffer (PAA-DA15 

= 0.5%wt), after what, the pH was decreased to 3.5 to form coacervates. Confocal 

fluorescence microscopy showed fluorescent droplets embedded in a continuous phase 

lacking fluorescence showing that the ampholyte chains were indeed concentrated 

within the droplets (Figure 3C&D). Coacervation is a process resulting in macroscopic 

phase separation. To probe the equilibrium nature of the coacervate phase, the drops 

were centrifuged at 500 rpm for 10 min and the sediment was observed by microscopy. 

Dispersed droplets were found to coexist with large domains of polymer rich phase, 
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which tended to stick onto the glass slide (Figure S3A), showing the occurrence of 

macroscopic phase separation. Finally, the reversibility of the process was 

demonstrated by varying the pH following different pathway around the isoelectric 

point. Figure S3B demonstrates the accordance of the pH variation in direct or reverse 

potentiometric titration. 

PAA-DA25 led to a different kind of objects, which are not easily discernable with 

conventional microscopy (Figure 3E). SEM pictures presented Figure 3F revealed the 

presence of submicronic objects presenting an angular shape, which were identified to 

be precipitates. As the transition from coacervates to precipitates depends on the 

strength of attractive interactions, [29] the charge ratio of positive to negative groups 

directs the local interactions of the polymer chains.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Images of coacervates (PAA-DA15, pH=3.5). A) Optical microscopy B) SEM view 

after freeze drying. Images of coacervates using FITC- labeled PAA-DA15, (pH=3.5) C) 

Optical microscopy, D) Confocal microscopy. Images of precipitates E) Optical microscopy, 

F) SEM view after freeze drying of precipitates (PAA-DA25, pH=3.7).  
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We then studied whether both precipitation and coacervation phenomenon can occur 

for a given value of x. For this, we analyzed the variation of turbidity (τ) and the 

charge surface as a function of pH. These results are presented in Figure 4 A for PAA-

DA15 solution (0.5%wt) and in Figure S4, the IEP was at pH 3.2. As the coacervation 

phenomenon is directed by the positive to negative charge ratio, we achieved the 

quantification of negative charges assuming that all the diamine functions were in the 

ionized state at a pH below 5, i.e. [NH3]Introduced=[+]. The degree of ionization of the 

carboxylic groups α at various pH was determined by exploiting the modified 

Henderson-Hasselbalch equation [30] and the results are presented in Figure 4:  

 

��� = �� + ��	
(��
)



  (1) 

 

� =
[����]

[����]�[����]
    (2) 

 

The pH of the solution, initially at 6.15, was slowly decreased toward the apparition of a 

turbid solution, which occurred at pH 4.2. Microscopic observations (Figure S5 A) showed 

that precipitates are mainly formed. Then, decreasing the pH to 3.2 induced an increase of the 

number of observed coacervates over the precipitates (Figure S5 B). This transition is 

noticeable with a decrease of the turbidity at a pH closed to the isoelectric point of the 

polymer chain (pH=3.2 for PAA-DA15). Finally, the dissolution of the coacervates was 

observed at pH 2.5 since the solution became limpid again.  

Typically, the complex coacervation occurs close to the isoelectric point of the polymer, when 

the complexes exhibit zero net charge. As mentioned previously, the self-coacervation of 

PAA-DAx occurs at a pH closed to the IEP of the polymer chain. Investigating the zeta 

potential of PAA-DA15 coacervates showed that at the pH of coacervation, the charge surface 

is far from zero (ξ=-13 mV), traducing that the coacervates are formed with a slight excess of 

negative charges. This original result could be explained following Frederickson et al. work in 

which self coacervation of block polyampholyte was investigated. These polymer chains 

formed isolated charged globules leading to a neutral coacervate as illustrated in Figure 4B 

(top).[10,31,32] In the case of our ampholyte polymer chain, we can suggest a random 

distribution of the positive charges onto the polymer chain. At the pH of coacervation, the 

B 
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diamine groups create electrostatic bridges with the charged carboxylic groups.[33] These 

intra-chain interactions yield the formation of a global negatively charged complex as 

schematically represented Figure 4B (Bottom). Moreover, the random dispersion of the 

positive charges along the PAA chain favor the formation of polymer loops, which maintain a 

certain level of hydration. This phenomenon was also observed with complex coacervation of 

weak flexible polymer chains, which limit the formation of charged globules leading to a 

charge ratio, i.e. [COO-]/[NH3
+] far from the stoichiometry.[27]  

From these observations, we can establish that self-coacervation is observed in presence of a 

small excess of negative charges, which can be control by the pH via the protonation of the 

carboxylic negative charges.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: A) Turbidity measurements (green marks) and charge ratio of positive to 

negative groups (blue curve) for PAA-DA15 (0.5wt%) as a function of pH. B) 

Schematic representation of the formation of coacervates. Negative charges are 

represented in blue and positive charges in pink. 

A 

B 
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We have schematically presented in Figure 5, the transitions occurring in the self-

coacervation process presented in this work. This phase diagram shows that biphasic 

domains were obtained by monitoring the grafting density of the polymer chain and the 

pH of the solution (gray domain). Moreover, we have highlighted the domains where 

the coacervation was predominant over precipitation. In the light of these observations, 

self-coacervation results from a delicate equilibrium between precipitation, 

coacervation and polymer dispersion state. 

 

 

 

 

 

 

 

 

Figure 5: Phase diagram of the different phase regions observed by varying the grafting 

density and the pH of the solution. The pink points correspond to the pH of the apparition of a 

cloudy solution extracted from Figure 2.  

 

3.3. Stability of PAA-DAx coacervates 

We first investigated the stability of the coacervates over time. Interestingly, their size 

remained stable during more than 12 days when stored at 4°C at pH 3.2 (Figure S6). 

As mentioned previously, increasing the pH above 4.2 induced the destruction of the 

coacervates. We analyzed this destruction phenomenon in details by slowly increasing 

the pH of a solution containing FITC labeled PAA-DA20 coacervates. Experimentally, 

we created a pH gradient by depositing a droplet of a basic solution (NaOH=0.1 M) in 

contact with a droplet of coacervates and observed the coacervation destruction under a 
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microscope. Fluorescent microscopy revealed the occurrence of fluctuations in size and 

shape exhibiting non-fluorescent domains containing water molecules extracted from 

the continuous media also called vacuoles (Figure 6).  

We observed a random nucleation of these vacuoles at the surface of the droplet, which 

merged before the complete destruction of the coacervate (SI movie). This 

phenomenon of vacuolization was already observed for complex coacervates placed 

under an electric field.[34,35] In both cases, the vacuolization is driven by an 

asymmetric osmotic pressure resulting from a local modification of ions concentration. 

Moreover, the stabilization of the vacuolated coacervates could open a route for the 

development of compartmentalized structures.[36-39] 

 

 

 

 

 

 

 

Figure 6: Optical microscopic images obtained by increasing the pH. PAA-DA20 were 

labeled with FITC. A droplet of NaOH (0.1M) was deposited closed to the coacervate 

under the microscope objective.  

 

In order to increase the robustness of the coacervates at neutral pH, an additional cross-

linker is needed. This was achieved by introducing Ca2+ cations, which are well-known 

to form ionic bridges between ionized carboxylic group. In a typical experiment, 0.04 

M of CaCl2 was introduced in a solution containing coacervates at pH 3.2 as illustrated 

Figure 7A. Once calcium was added the persistence of the polymer-enriched droplets 

was observed after raising pH to 7.[40] These gelled droplets were then centrifuged 

and dispersed in deionized water. Interestingly, they kept their integrity, and remained 

stable for several weeks (Figure S7). Their zeta potential was measured. It was only 

slightly negative (ξ=-0.4 mV). Thus, it was much higher than that before calcium 

addition at pH 3, despite the deprotonation of carboxylic functions upon pH increase. 

This suggests that Ca2+ were effectively incorporated in the structure. 

Finally, we investigated the destruction of the Ca2+-stabilized coacervates. EDTA is a 

common sequestering agent for Ca2+. Therefore, the stability of the Ca2+-stabilized 
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coacervates was probed in the presence of EDTA. Figure 7B shows the flow of an 

EDTA solution (0.2 M) diffusing in a solution of Ca2+-stabilized coacervates at neutral 

pH. It worth noticing that in presence of EDTA, the coacervates presents vacuoles 

during the destruction process as observed previously with non-gelled coacervates 

upon increasing the pH. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: A) schematic representation of coacervate stabilization using ionic bridges; B) 

Optical microscopy image of the destruction of PAA-DAx @ Ca2+ in presence of EDTA (0.2 

M). 

 

3.4. Sequestration in PAA-DAx coacervates 

Finally, the ability of PAA-DA15 to sequestrate various compounds was investigated. A 

range of compounds including small molecules, macromolecules or colloids was 

probed. In a typical experiment, a known amount (1 mg) of a fluorescently labeled 

chemical entity was introduced in 5 mL of a stock solution at pH=5. The pH was 

decreased to 3.5 to form the coacervates before its observation by optical and 

fluorescence microscopy, which are presented in Table S2 and in Figure 8. In a first set 

of experiments, rhodamine (positively charged, +), FITC (negatively charged, -) or 

coumarin (uncharged, 0), which are small molecules (<500 Da) were introduced.  

Although these molecules present different charges at neutral pH, the sequestration is 

observed for each molecule, even if, visual differences could be distinguished in the 

A 

B 
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partition coefficient. Similar experiments were done using macromolecules such as 

FITC-DEAE-Dextran (3-4 kDa and 150 kDa) and FITC -CM-Dextran (150 kDa), 

which are positively and negatively charged, respectively. As observed above, 

coacervates are loaded with dextran molecules whatever their charge (Table S2 and 

Figure 8). Finally, the process was extended to colloidal particles such as negatively 

charged latex beads (D = 115 nm). It is clearly observed in Figure 8 that the 

polystyrene latex were localized inside the coacervates. These results demonstrate that 

the molecular charge and the size are not the prevalent parameters in the sequestration 

efficiency.[41] 

We investigated in more details the role of the molar mass of macromolecules onto the 

sequestration efficiency. To do so, we have studied by fluorescence spectroscopy the 

partition coefficient of a small molecule such as the Rhodamine B (<500 Da) and two 

macromolecules, which are Dextran Rhodamine 10 kDa and 70 kDa.  

Two solutions containing the fluorescently labeled molecules in presence and in absence of 

PAA-DA15 were prepared. Then, the pH of the solutions was adjusted at the pH of 

coacervation. After centrifugation, we measured the fluorescence of the supernatant of the 

two solutions. The ratio of the two measured fluorescence intensities was then calculated. As 

more than 60% of small molecules were loaded, the sequestration efficiency decreased to 

~30% for dextran 10 kDa and reach only ~20% for dextran 70 kDa. The detailed results are 

presented in Table S3.  

From these observations, the parameters that direct the sequestration efficiency are not 

completely understood as the partition coefficient is not mainly directed by the 

charges, dimensions or hydrophilicity of the molecules. Nevertheless, none of 

parameters studied herein have presented the total exclusion of the molecules from the 

coacervates.  
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Figure 8: Fluorescent images of coacervates with small molecules (coumarin), 

macromolecules (Dextran, 3-4 kg/mol, DEAE), colloids (latex beads).  

 

We investigated the reversible character of the sequestration phenomenon. At a pH out 

of the domain of coacervate formation, the solution was clear, i.e. the ampholyte 

polymer chain and a fluorescent dye (rhodamine B) were soluble in the solution. A 

known volume of the solution was taken and dispersed in a buffer solution (pH = 7). 

The fluorescence intensity of the resulting solution was measured by fluorescent 

spectroscopy, giving the initial measured fluorescence intensity.  

Then, the pH was decreased to form coacervates, yielding sequestration of the 

fluorescent dye as already commented above and presented in Figure 9A. The solution 

was centrifuged and the fluorescence of the supernatant was measured as presented 
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before. Several cycles of destruction/formation of coacervates for a given sample were 

realized and are presented Figure 9B. It shows that the fluorescence intensity decreases 

radically in presence of coacervates up to 60% for the first cycle. Increasing the pH 

allow the regeneration of the initial fluorescence intensity. A decrease to 40% was 

observed for the three following cycles, showing the reversible character of the 

sequestration process. Several cycles of pH variation were performed allowing the 

destruction and the reformation of the coacervates. Obviously, at each cycle, the factor 

of dilution of the PAA-DA10 and the ionic strength of the solution increased because of 

the consecutive addition of NaOH and HCl.  

 

 

 

 

 

 

 

 

 

 

 

Figure 9: A) Confocal image of coacervates PAA-DA10 containing rhodamine. B) 

Fluorescence intensity variation of the supernatant in presence (green circles) and in 

absence of coacervates (blue diamond), pH = 7, mPAA-DA10 = 5 mg.mL-1. 

 

Moreover, we observed that the sequestration efficiency was identical whatever the 

experimental pathway, i.e. incorporation of the dyes before or after the coacervates 

formation. The remarkable sequestration ability of the coacervates gives them as 

interesting candidates for the fabrication of versatile cargos.[42] 

Finally, we investigated the sequestration ability of PAA-DA15 coacervates stabilized 

by Ca2+. Fluorescent dyes (coumarin and fluorescently labelled polystyrene beads) 

were introduced in the solution containing the polymer chains at neutral pH. After the 

coacervates formation, calcium was further added yielding to their gelation. Then, pH 

was slowly increased. At pH 7, the polystyrene beads, initially sequestered in the 

coacervates, remained in the polymer complex as observed in Figure 10 A&B. Similar 
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experiment was performed with coumarin. In this case, we observed that at pH 7, the 

fluorescence intensity initially localized in the coacervates decreased, indicating that 

this dye was released in the water phase.  

In a second approach, the dyes (coumarin or polystyrene beads) were introduced after 

the addition of calcium, and after pH was fixed at 7. For both components, there was 

no uptake within coacervates and the continuous phase was fluorescent. Using this 

pathway, the presence of the calcium seemed to act as a barrier for the penetration of 

these dyes, which could be due either to the charge reversal of the coacervates or to 

their higher cross-linking density related to ionic bridges. Obviously, encapsulation in 

Ca2+-stabilized coacervates is pathway-dependent, meaning that Ca2+ distribution did 

not reach the same state depending on the presence or the absence of cargo.  

 

 

 

 

 

 

 

 

 

Figure 10 : A) & B) Optical and fluorescence microscopy images of coacervates in 

presence of fluorescently labeled polystyrene at pH = 7.  

 

Conclusion 

This work has demonstrated that ampholyte polymer chains exhibit self-coacervation 

at specific positive to negative charges ratio. As in complex coacervation, this phase 

separation phenomenon is reversible leading to metastable droplet states or transient 

compartimentalized structures. Interestingly, a large variety of entities, ranging from 

small molecules to micrometric colloids, are spontaneously sequestrated into these 

coacervates. The partition coefficient results from an equilibrium involving charges, 

dimension and hydrophobicity as in complex coacervation. [43]  

A focal point of this feature lies in the generation of simple coacervates involving a 

unique ampholyte, which avoids mixing problem and formulation pathway. As an 
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illustration, C. Schatz et al. have pointed out the underestimated formulation pathway 

in complex coacervation by investigating the role of the addition of the positive chains 

into negative ones or the reverse. They have demonstrated that while the final 

morphology of coacervates should not depend on the pathway due to its equilibrium 

nature, it happens via a two-step process involving the formation of polyelectrolyte 

complex precursors. The sign and magnitude of the charge of those polyelectrolyte 

complexes nanoparticle precursors, which are related to the order of addition, can 

influence the energy cost to achieve their condensation into neutral coacervate droplets 

[44]. In the case of self-coacervation, the process should be of less importance due to 

the presence of positive and negative charges on the same chain, but their respective 

distribution along the chain, provided by the chemistry of the ampholyte chain, should 

be of prime importance. In our case, the residual surface charges were exploited to 

increase the robustness of the coacervates by ionic gelation of the polymer droplets.  

Finally, self-coacervation of polyampholytes constitutes a synthetic model for 

understanding phenomena occurring in nature [45] and in particular in proteins, which 

have the ability to form simple-coacervate.[46,47] This approach constitutes a highly 

promising route toward the formation of highly structured polymeric self-assembly in 

all-aqueous media that could be used in drug delivery, sensing or biological mimic. 
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Supplementary Material 

Figure S1: 1H-NMR spectra of PAA before the functionalization and after the grafted of 10% 

of diamine. A) N,N’-dimethylethylenediamine (DA), B) Polyacrylic acid (PAA), C) PAA-

DA10. Figure S2: Size distribution of the coacervates over 200 coacervates. PAA-DA20 

Mean=3.5µm. Figure S3: A) Microscopic image of the sediment after a centrifugation 

process at 500 rpm during 10 minutes (PAA-DA15) Large polymer rich domains are observed 

onto the glass slide, which are characteristic to a macroscopic phase separation. B) Direct and 

revere potentiometric titration of PAA-DA15 (0.25 mM). Figure S4: Charge surface 

measurements of PAA-DA15 as a function of the pH. Figure S5: Optical microscopy image of 

a solution of PAA-DA15 at a pH A) 4.15, B) 3.80. Figure S6: Size distribution of the 
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coacervates (PAA-DA20) after 1 and 12 days. Figure S7: Microscopic image of a solution of 

PAA-DA15 stabilized by Ca2+, dispersed in deionized water after 18 days. Table S1: 

Quantification of the grafting density from the NMR spectra. Table S2: Microscopic pictures 

of coacervates loaded with various molecules. Table S3: Sequestration efficiency of 

fluorescent components determined by fluorescence spectroscopy. 
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Figure S1: 1H-NMR spectra of PAA before the functionalization and after the grafted of 10% 

of diamine. A) N,N’-dimethylethylenediamine (DA), B) Polyacrylic acid (PAA), C) PAA-

DA10. 
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Table S1: Quantification of the grafting density from the NMR spectra. 

 a (1.3-2 ppm) b (2-2.5 ppm) c + d (3-3.4 ppm) Grafting density (%) 

Number of protons 4 2 4  

PAA 0.65 0.35   

PAA-DA5 0.63 0.33 0.04 3.6 

PAA-DA10 0.58 0.30 0.12 10.1 

PAA-DA15 0.58 0.25 0.17 16.5 

PAA-DA20 0.55 0.25 0.20 18.5 

PAA-DA25 0.54 0.25 0.20 27.4 

PAA-DA30 0.53 0.13 0.34 31.6 

PAA-DA40 0.49 0.11 0.40 66.0 

The sum of integration peaks was normalized to 1. The calculations were performed 

considering the mean of the ratios a/(c+d) and b/(c+d). 

 

 

 

 

 

 

 

 

 

 

Figure S2: Size distribution of the coacervates over 200 coacervates. PAA-DA20 

Mean=3.5µm. 
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Figure S3: A) Microscopic image of the sediment after a centrifugation process at 500 rpm 

during 10 minutes (PAA-DA15) Large polymer rich domains are observed onto the glass slide, 

which are characteristic to a macroscopic phase separation. B) Direct and revere 

potentiometric titration of PAA-DA15 (0.25 mM). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4: Charge surface measurements of PAA-DA15 as a function of the pH. 
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Figure S5: Optical microscopy image of a solution of PAA-DA15 at a pH A) 4.15, B) 3.80. 

 

 

 

 

 

 

 

Figure S6: Size distribution of the coacervates (PAA-DA20) after 1 and 12 days. 

 

 

 

 

 

 

Figure S7: Microscopic image of a solution of PAA-DA15 stabilized by Ca2+, dispersed in 

deionized water after 18 days.   
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Table S2: Microscopic pictures of coacervates loaded with various molecules. 

Name Mol wt. Charge Bright Field Fluorescence 

Rhodamine B 
479 + 

   

FITC 389 - 

   

DEAE Dextran-

FITC 
150k + 

   

CM Dextran-FITC 150k - 

   

Dextran-

Rhodamine B 
10k 0 

  

Dextran-

Rhodamine B 
70k 0 

  

* Droplets of coacervates were observed without any purification process.  
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Table S3: Sequestration efficiency of fluorescent components determined by fluorescence 

spectroscopy. 

Name Mol wt. IFluo in absence 

of coacervates 

IFluo in presence 

of coacervates 

Sequestration 

efficiency 

Rhodamine B 479 404 150 63 

Dextran Rho. B 10 000 90 64 29 

Dextran Rho. B 70 000 108 87 19 

 

 




