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including thermoresponsive smart mate-
rials,[1–4] cellular compartmentaliza-
tion,[5,6] origin of life,[7–10] and synthetic 
biology.[11,12] In all these contexts, phase 
diagrams contain crucial information 
about the intermolecular forces driving 
the process as well as the effect of modu-
lators on phase separation.[13] Such phase 
diagrams typically report the concentra-
tion of a macromolecule in the dilute and 
dense phase as a function of temperature 
or other modulators of intermolecular 
interactions, such as ionic strength or pH 
(Figure 1A).

A variety of experimental techniques 
have been developed to measure the 
saturation concentration, i.e., the critical 
polymer concentration above which phase 
separation occurs. These methods include 
optical microscopy, turbidimetry, and light 
scattering.[14] Typically, the cloud-point 

temperature (Tcp) is evaluated by varying temperatures at one 
fixed polymer concentration or, alternatively, the saturation con-
centration is estimated by progressively increasing the polymer 
concentration at constant temperature (Figure 1A). Recent tech-
niques based on droplet-based microfluidics[15–21] and Taylor 
dispersion analysis[22] enable these measurements to be per-
formed at high-throughput. These methods have been success-
fully applied to evaluate the left arm of the binodal, which is the 
coexistence curve that defines the two-phase region (Figure 1A).

In contrast, the measurement of the concentration of poly-
mers inside the dense phase (the right arm of the binodal) is 
more challenging, since it typically requires a large amount of 
material. Important studies have reported complete phase dia-
grams of lens proteins, lysozyme, and albumin.[23–27] However, 
in general, measurements of the complete phase diagram are 
less common than saturation concentrations. Yet, this infor-
mation is crucial since the concentration in the dense phase is 
related to important material properties, such as water content, 
permeability, and viscoelasticity.[28]

Recently, phase separation has attracted enormous interest 
in biology in association with a class of membraneless orga-
nelles formed by phase separation of proteins and nucleic 
acids.[29,30] The measurement of the full phase diagrams of 
this class of molecule is even more challenging due to the rel-
atively small amount of material that is typically available for 

Liquid–liquid phase separation of polymer and protein solutions is central 
in many areas of biology and material sciences. Here, an experimental and 
theoretical framework is provided to investigate the thermodynamics and 
kinetics of liquid–liquid phase separation in volumes comparable to cells. 
The strategy leverages droplet microfluidics to accurately measure the 
volume of the dense phase generated by liquid–liquid phase separation of 
solutions confined in micro-sized compartments. It is shown that the meas-
urement of the volume fraction of the dense phase at different temperatures 
allows the evaluation of the binodal lines that determine the coexistence 
region of the two phases in the temperature-concentration phase diagram. 
By applying a thermodynamic model of phase separation in finite volumes, 
it is further shown that the platform can predict and validate kinetic barriers 
associated with the formation of a dense droplet in a parent dilute phase, 
therefore connecting thermodynamics and kinetics of liquid–liquid phase 
separation.
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1. Introduction

Liquid–liquid phase separation of polymer and protein solu-
tions plays an important role in a variety of research fields, 
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analysis. Unsurprisingly, complete phase diagrams of phase 
separating proteins are still limited in the literature. Notable 
examples however include the phase diagram of regions of 
the proteins Ddx4,[31] Laf1,[28] and hnRNAP1[32,33] evaluated 
by fluorescence correlation spectroscopy (FCS) or turbidim-
etry, as well as concentration in the dense phase assessed by 
Raman spectroscopy[34] or by label-free quantitative phase  
microscopy.[35]

Herein, we develop an alternative approach for the extraction 
of complete phase diagrams, which is based on droplet-based 
microfluidics and requires a few hundreds of microliters of 
unlabeled sample. The core of the strategy involves the accu-
rate measurement of the volume of the dense phase when the 
phase separating solution is confined in water-in-oil compart-
ments.[15,36] From the volume of the dense phase, the concen-
tration of the scaffold molecules in the dilute and dense phase 
can be calculated from the law of mass conservation, under 
the assumption that the concentration in the dense and dilute 
phase are independent of the initial polymer concentration in 
the investigated range.

In the first part of this paper, we coupled this approach with 
on-chip temperature control to measure the saturation concen-
tration and the concentration in the dense phase at different 
temperatures, therefore estimating the full temperature-con-
centration phase diagram.

In the second part of the work, we applied a thermodynamic 
model of phase separation in finite volumes (nL) to predict 
nucleation barriers for droplet formation, which we then vali-
dated with a second microfluidic platform designed to monitor 
kinetics of phase separation. Significantly, we could estimate 
the time scale for phase separation as a function of supersatu-
ration, even in the case of a non-activated system dominated 
by diffusion. Overall, this framework provides a connection 
between the thermodynamics and kinetics of phase separation.

We used our method to analyze the associative coacervation 
of two synthetic polymers that mimic the behavior of biologi-
cally relevant intrinsically disordered proteins.[37] In particular, 
we characterized a zwitterionic polymer that exhibits upper 
critical solution temperature (UCST)-type behavior of many 
low complexity domains[38,39] and a poly(ethylene glycol)-based 
polymer that resembles the low critical solution temperature 
(LCST)-type behavior of many elastin-like peptides (ELPs)[39–41] 
(see structures in Figure S1, Supporting Information). The 
UCST zwitterionic polymer is composed of the monomers 
sulfobetaine methacrylate (SB) and sulfabetaine methacrylate 
(ZB) (Figure S1, Supporting Information). In addition to mim-
icking biological proteins, we selected this responsive UCST 
zwitterionic polymer since we have recently demonstrated 
that it holds great promise for several applications in bioengi-
neering, including detection of analytes in droplet microfluidic 
format.[37] Understanding the dynamics and thermodynamics 
of the phase separation of this polymer in confined compart-
ments is therefore attractive from both a fundamental and 
practical point of view. Moreover, we validated the technique 
also with an engineered protein based on the adenylate kinase 
enzyme (AK) conjugated with intrinsically disordered domains 
taken from the protein Laf1.[34,42] The phase separation behavior 
of this protein has been previously characterized in bulk in our 
laboratory.[34,42]

2. Summary of Device Fabrication and Operation

Microfluidic structures were fabricated using standard soft-lith-
ographic techniques[43] (see Figures S2–S6, Supporting Infor-
mation for detailed description). Two types of droplet-based 
microfluidic devices were developed: the first one allows trap-
ping of droplets and long-term monitoring of their content at 
different temperatures, therefore enabling the generation of 
phase diagrams according to the principle described in this 
paper. The second device allows examination of droplet content 
in flow, and was applied to analyze the kinetics of liquid–liquid 
phase separation (LLPS) at different temperatures. Both devices 
incorporate a transparent indium tin oxide coating to achieve 
a homogenous heating through the Joule effect (Figure  1B). 
During all experiments, the temperature was monitored with a 
thermocouple placed at the bottom of the heating zone.

Water-in-oil droplets were generated in a flow focusing 
geometry and trapped only after droplet generation was sta-
bilized. To achieve such conditions, fluorinated HFE-7500 oil 
containing 0.5% v/v surfactant was introduced at 3  µL  min−1 
via the device outlet (Figure 1B), while droplets were simultane-
ously generated at the device inlets. Due to the back pressure 
of the oil from the outlet, the first generated droplets were pre-
vented from entering the trap array and left the device via the 
secondary outlet. Once the droplet generation was stabilized, 
the back-oil flow was stopped to allow droplets entering the trap 
array. This configuration ensures that only droplets generated 
at steady state can be stored in the traps.

3. Complete Phase Diagrams of Liquid–Liquid 
Phase Separation at Finite Volumes
Figure  1B shows a schematic representation of the droplet 
microfluidic device, which comprises three regions: in the first 
area the polymer solution (reagent 1) is diluted with a “trigger” 
of liquid–liquid phase separation (reagent 2), and the mixture 
is then compartmentalized in water-in-oil droplets. In this 
context we define as trigger a modulator of the solution condi-
tions that changes the saturation concentration and promotes 
LLPS. Typically, phase separation can be triggered by mixing 
the sample with a solution at different ionic strength or pH 
value, or by introducing molecules which can act as seeds. In 
the case of the UCST polymer, phase separation was promoted 
by diluting the stock of a homogeneous sample at high salt con-
centration with pure water. The decrease of salt concentration 
strengthens the intermolecular electrostatic attractive interac-
tions that compensate the entropic cost of the demixing and 
induce phase separation.[37] In the case of the LCST polymer, 
the trigger responsible for phase separation was the increase of 
temperature in the heating zone and no changes in the compo-
sition of the stock solution were required. In this case, phase 
separation is entropy-driven: the solution is homogeneous at 
room temperature and spontaneously phase-separates at high 
temperature.

In the second region of the device, droplets travel through 
a winding channel with chaotic advection promoting intensive 
mixing in their interior, and guaranteeing homogeneous condi-
tions within milliseconds.[44] After mixing is complete, droplets 
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enter the third zone, in which temperature is controlled by a 
power generator connected to the ITO-coated glass by an elec-
trical circuit. In this area, traps having a “C”-shape are struc-
tured inside the channels. These traps act to block individual 
droplets, as previously reported,[45] and allow their imaging by 
brightfield microscopy at different temperatures.

For each individual compartment, the volume of the water-
in-oil compartment (Vtot), the total volume of the dense phase 
(VD), and the total volume of dilute phase (VDil) were calcu-
lated by image analysis (Figure  1C and Figure S7, Supporting 

Information). The normalized dense phase volume (VD*) was 
evaluated as the ratio between the total volume of the dense 
phase (VD) and the volume of the water-in-oil compartment (Vtot).

For each condition, this experiment was repeated at different 
initial concentrations of the polymer inside the water-in-oil 
compartment (Ctot) between 1 and 30 mg mL−1 (see representa-
tive example in Figure  1D). From the measured volumes and 
the law of mass conservation:

( )= − +C C C V C*
tot D Sat D Sat  (1)

Small 2022, 18, 2202606

Figure 1. A) Binodal curves define the coexistence region of the two phases in the temperature versus polymer concentration (Φ) phase diagram. 
Tcp = cloud point temperature; Csat = saturation concentration, i.e., the concentration in the dilute phase when phase separation occurs; Cd = concen-
tration in the dense phase; Ctot = total concentration of polymer introduced in the solution. On the y axis temperature is normalized by the interaction 
parameter X( ). B) Schematic representation of the droplet-based microfluidic device. The blue background indicates the heating zone; C) (left) Schematic 
and representative brightfield image of an individual water-in-oil compartment in which LLPS is observed from a 20 g L−1 polymer solution. From image 
analysis, the total volume of the external compartment (Vtot) as well as the volume of the dense (VD) and dilute phase (VDil) are measured. Scale bar 
corresponds to 20 µm. (right) Representative plot of the initial concentration of the polymer as a function of the measured normalized total volume of 
the dense phase (VD*). The red dotted line represents the linear fit according to the mass balance, from which the concentration of polymer in the dilute 
and dense phase can be estimated. Error bars represent standard deviations estimated from at least five independent water-in-oil droplets. D–E) Phase 
diagrams of D) UCST-type polymer (based on poly(sulfobetaine-co-sulfabetaine methacrylates), 70SB-130ZB,[37] see Figure S1, Supporting Information) 
in 150 mm NaCl solution and of E) LCST-type polymer (based on poly(oligoethylene glycol methacrylates) 36EG2MA-4EG4MA, see Figure S1, Supporting 
Information) in ultra-pure water. The red symbols represent concentrations measured with the method described in this work. Black and blue circles 
represent orthogonal measurements based on microscopy and fluorescence correlation spectroscopy, respectively.
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The concentration of polymer in the dilute phase (CSat) and 
dense phase (CD) were estimated from a linear fitting of the 
experimental data (Figure  1C). We repeated the experiment at 
different temperatures to evaluate the full phase diagrams of 
the two polymers (Figure 1D,E). For the UCST polymer at 27 °C 
we measured a volume fraction of the dense phase between 
1.2% and 3.2%, depending on the initial polymer concentra-
tion. From Equation  (1) we evaluated the concentration of 
polymer in the dense phase equal to 696  ±  12  g  L−1 at 27  °C 
(Figure  1D). This value was validated by independently meas-
uring the water content and the density of the dense phase 
via gravimetry (see Supporting Information).[37] The measured 
weight water fraction (53  ±  2  wt%) and density of the dense 
phase (1230 ± 50 g L−1) correspond to a polymer concentration 
in the dense phase of ≈580 g L−1. This value is consistent with 
the measured concentration of 696 g L−1.

The right arm of the binodal in Figure 1D was further vali-
dated by FCS (see Figure S8 and Supporting Information), 
which provided polymer concentrations in the droplets con-
sistent with the values measured microfluidically.

Finally, to validate the left arm of the measured binodal, 
cloud point temperatures were measured by progressively 
heating the water-in-oil compartments at constant polymer con-
centrations. The disappearance and formation of polymer-rich 
droplets were observed by optical microscopy. The cloud point 
temperatures obtained from this set of experiments (black cir-
cles in Figure 1D,E) were consistent with the values measured 
using the microfluidic approach. Moreover, the experimental 
data were consistent with a Flory–Huggins model, as shown 
by the fitted simulations in Figure  1D,E (see also Supporting 
Information).

In the case of the LCST polymer, the dense droplets were 
smaller and their quantification was associated to a larger error, 
leading to larger variation in the measured concentrations in 
Figure 1E.

The microfluidic assay was further validated with an engi-
neered protein based on the adenylate kinase enzyme (AK) 
conjugated with intrinsically disordered domains taken from 
the protein Laf1.[34,42] Also in this case, the measured concentra-
tion in the dense phase was in well agreement with the value 
obtained by FCS (Figure S9, Supporting Information).

The phase separation differential which can be measured 
with the droplet microfluidic method depends on the initial 
concentration of the macromolecule and the smallest volume 
fraction of the dense phase that can be detected with the applied 
set-up (for our system ≈0.25%).

While our polymer has negligible solubility in the con-
tinuous oil phase, we note that applications of this method to 
other systems should check for possible release of the solute 
from the water compartments to the surrounding oil phase.

4. Activation Energies and Kinetics of Liquid–Liquid 
Phase Separation at Finite Volumes
In addition to the complete phase diagram, the estimation of 
the volume fraction of the dense phase in finite volumes (nL) 
(Figure  1C) opens up the possibility of evaluating the kinetic 
barrier associated with the nucleation and growth of droplets.

A series of recent works have shown that the nucleation rate 
of liquid–liquid phase separation follows the Classical Nuclea-
tion Theory, at least on the mesoscale.[46–49] We calculated the 
free energy (reversible work) of formation of a dense liquid 
droplet of volume V *

D  in a finite volume Vtot as a combination 
of two terms (see Supporting Information for a detailed deriva-
tion). The first term takes into account the excess free energy 
difference associated with the phase transition between the 
dilute and dense phase. The second term describes the excess 
free energy penalty associated with the formation of an inter-
face between the dense and dilute phases, which is propor-
tional to the surface per unit volume of the dense liquid droplet 
via a surface tension term, σ. Accordingly, the (adimensional) 
reversible work (F′) takes the form:

∼
ρ
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where Mp is the molar mass of the polymer, ρL is the polymer 
concentration in the dense phase, and σ′ is the normalized sur-
face tension of the dense liquid (σ′ = σMp /ρLRT).

The measurements shown in the previous paragraph allowed 
us to estimate the difference in excess chemical potential associ-
ated with the transition of a polymer chain from the dilute to 
dense phase (− ΔµE/RT). Indeed, the reversible work F′ is a non-
monotonic function of the droplet size that exhibits at least one 
stationary point corresponding to the equilibrium for a droplet 
of dense liquid immersed in a dilute parent phase, which can be 
identified as the local minimum of the reversible work of droplet 
formation as a function of VD* (Figure 2A). In some cases,[50–52] 
a second stationary point at lower VD* is present, representing 
the volume of the critical nucleus associated with the nuclea-
tion of the dense liquid phase (Figure 2A). At steady state condi-
tions, the mean thermodynamic force acting on the dense phase 
droplet is null. This condition corresponds to a stationary point 
VD

*,SS in the free energy curve, where =dF dV/ 0*
D :
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From the measurements shown in Figure 1 we evaluated the 
steady-state volume fraction of the droplet (VD

*,SS), the critical 
concentration (cl,*), and the concentration of the polymer in the 
dense phase (ρL) at different temperatures. The parameters ctot 
and Vtot are known inputs of the experimental setup and the 
effective surface tension of the dense liquid droplets (σ′) can be 
estimated from characteristic values reported in the literature 
for polymer coacervates.[6,53] From a global fit of Equation  (3) 
at different temperatures, we estimated the unknown excess 
chemical potential (−  ΔµE/RT), which in turn allowed us to 
estimate the energy (F) as a function of the droplet volume via 
Equation (2) (Figure 2B). The calculated energies show a single 
minimum and the absence of a critical nucleus (Figure  2B), 
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indicating that the process is not activated in the range of 
conditions analysed in this work. Our model predicts that the 
kinetic barrier for droplet formation is essentially negligible.

Under these conditions, the evolution of a dense liquid 
droplet is dominated by the growth of a post-critical droplet, 
which under the typical assumption of overdamped Langevin 
dynamics,[54,55] can be captured by the expression:

= − ′dV

dt
D

dF

dV

*

*
D

D
 (4)

Here ′dF dV/ *
D  is the adimensional thermodynamic force 

associated with the nucleation of a droplet of reduced volume 
VD* (Figure  2B), and D is a diffusion coefficient in reaction 
coordinate space. Assuming D to be independent of VD* 
and constant across all conditions, we simulated the changes 
of VD* as a function of an adimensional time τ  =  tD for dif-
ferent regions in the phase diagram (Figure 2C). The kinetics 
of droplet formation (represented by τdV d/*

D ) decrease moving 
toward the binodal line (Figure 2D), together with a decrease in 
supersaturation (ctot/cl,*).

Small 2022, 18, 2202606

Figure 2. A) Representative plot of the adimensional free energy of nucleation of a dense liquid droplet (F′, blue line) as a function of the droplet size. 
The non-monotonic function admits at least one stationary point, corresponding to the equilibrium for a droplet of dense liquid immersed in a dilute 
parent phase. The red line indicates the derivative of the free energy as a function of the droplet volume. Dot lines visualize null values. Images are 
shown for illustration purpose only; B) The work (F) as a function of the droplet size at different temperatures and at different initial polymer concen-
trations (blue: 12 g L−1; violet: 20 g L−1; yellow: 26 g L−1). Vertical dashed lines indicate experimental values of steady-state VD*. C) Changes of VD* as 
a function of the adimensional time τ = tD (see Equation (4)) for different regions in the phase diagram. The horizontal dashed lines represent the 
experimentally measured steady-state VD*. D) The kinetics of droplet formation (represented by dV*

D/dτ) decrease moving toward the binodal line, 
together with a decrease in supersaturation (ctot/cl,*).
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To verify the absence of significant kinetic barriers, we modi-
fied our microfluidic device to monitor the kinetics of forma-
tion of polymer-rich droplets at different temperatures. In this 
configuration, the C-traps were removed and droplets were 
allowed to travel along the channel (Figure 3A). Brightfield 
images were acquired at different locations along the channel, 
corresponding to different residence times between 3 and 12 s. 
From the extracted images, the changes in the size distribution 
of the population of polymer-rich droplets were analysed over 
time (Figure 3B,C).

Experiments were performed at different values of super-
saturation of the UCST polymer, which were obtained by 
changing either the initial polymer concentration (1.5 and 
6.7  mg  mL−1) at 24  °C, or temperature values (24 and 32  °C) 

at constant polymer concentration (Figure  3D). In agreement 
with model predictions, we observed that conditions that are 
closer to the boundary of the phase diagrams were character-
ized by slower kinetics, while samples that are deeper inside 
the phase diagrams exhibited faster kinetics (Figure 3D,E). For 
the latter condition, all polymer-rich droplets nucleated in the 
mixing region within milliseconds, and in the heating zone we 
could only monitor growth and coarsening events (Figure 3C). 
The observed timescale of milliseconds is consistent with 
a non-activated process dominated by diffusion. Moreover, 
our model predictions (Figure  2D) are qualitatively in well 
agreement with the experimental data (Figure  3D), and cap-
ture the slower kinetics of droplet formation with decreasing 
supersaturation.

Small 2022, 18, 2202606

Figure 3. A) Schematic representation of the droplet microfluidic device to measure the kinetics of liquid–liquid phase separation over second timescales 
at different temperatures. Blue background indicates the heating zone; B–C) Representative brightfield image of an individual water-in-oil compartment in 
which LLPS is observed at different times in the middle of the channel. From image analysis we measured the size distribution of the droplets. Samples 
were B) 1.5 mg mL−1 and C) 6.7 mg mL−1 UCST-type polymer in 150 mm NaCl solution. Scale bars correspond to 30 µm. Dynamics of LLPS as a function 
of supersaturation. D) Time evolution of the total volume fraction of the dense phase (right panel) measured at different initial concentrations of the 
UCST polymer and different temperatures (indicated by labels a, b, and c in the phase diagram on the left). E) Prediction of the time evolution of the 
total volume fraction of the dense phase based on Equations (3)–(4) (right diagram) at different positions in the phase diagram indicated on the left.
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5. Conclusion

We have leveraged droplet-based microfluidics to monitor 
liquid–liquid phase separation of polymer solutions in finite 
volumes comparable to cells. The heart of this strategy is the 
accurate measurement of the volume fraction of the dense 
polymer phase at different temperatures. Such measure-
ments, which are challenging when using conventional bulk 
methods, open up the possibility of evaluating important 
thermodynamic and kinetic properties of liquid–liquid phase 
separation. Specifically, we measured the binodal lines deter-
mining the coexistence region of the two phases in a phase 
diagram in a label-free manner. In addition to thermody-
namics, our measurements in finite volumes allowed estima-
tion of the kinetic barrier of nucleation associated with the 
formation of a dense droplet in a parent dilute phase. Impor-
tantly, we can estimate the timescale of phase separation as 
a function of supersaturation even in case of a non-activated 
system dominated by diffusion. This strategy can now be used 
to evaluate the effect of different modulators (e.g., macromol-
ecule sequence, crowding agents and buffer composition) on 
both the thermodynamics and the kinetics of liquid–liquid 
phase separation of polymer and protein solutions in cell-
like volumes. These studies have significant implications for 
the design of materials with tailored properties and stimulus 
responsiveness.[37]
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