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Supporting Information Text 
 
1. Materials and Methods 
 
Sample Preparation. An IgG1 mAb with a pI of 8.2 was produced, purified and formulated at 116 mg/mL 
in 10 mM sodium acetate at pH 4.8. Samples were diluted from this stock solution. NaCl (EMD Millipore), 
Na2HPO4 and NaH2PO4 (Sigma Aldrich) were at least 99% pure. PEG-3350 was purchased from Spectrum 
Chemical. All salts as well as PEG were used as received. 18.2 MΩ·cm purified water from a Barnstead 
Nanopure water purification system (Thermo Scientific) was used to prepare solutions. Concentrated stock 
solutions were mixed volumetrically to achieve the desired concentrations. The samples were then 
incubated in a water bath at 318 K for 30 minutes along with periodic mixing to ensure homogeneity. To 
make temperature gradient measurements, the solutions were loaded into 12 mm x 1 mm x 0.1 mm 
rectangular borosilicate glass capillary tubes (VitroCom, Inc.), by capillary action, and sealed with wax to 
avoid sample evaporation and convection. 
 
Liquid formulations of therapeutic mAbs are typically prepared under conditions where the protein bears a 
net positive charge. As such, phosphate buffer was employed to achieve a pH of 6.8, which was below the 
pI. We note, however, that histidine and acetate buffers are more commonly employed in mAb 
formulations. NaCl was added to screen long-range electrostatic repulsions between the net positively 
charged mAbs. The PEG-3350 concentration was adjusted to induce phase separation at temperatures 
between 278 and 308 K. 
 
Controlling the pH of mAb Solutions. We found the final pH of mixed solutions to be dependent on the 
mAb concentration, due to the protein’s buffer capacity. As such, 0.5 M phosphate buffer stock solutions 
were employed to maintain pH 6.8 ± 0.1 for all mAb concentrations. Our approach was to mix 2 sodium 
phosphate solutions, a 0.5 M NaH2PO4 solution and a 0.5 M Na2HPO4 solution, at various ratios to generate 
a series of buffer stock solutions and choose the ratio that matched the desired final pH upon mixing with 
the other solution components. In this method, appropriate amounts of H3O+ and OH- were added to the 
sample to achieve the desired pH, while maintaining constant phosphate and chloride concentrations. This 
avoided tedious small volume additions of a strong acid (HCl) or base (NaOH). It should be noted that the 
total Na+ ion concentration changed by less than ~ 7 mM between the 20 and 100 mg/mL mAb. In other 
words, the pH and ionic strength were held essentially constant for all of the solutions.  
 
Calibrating the Temperature Gradient. For each experiment, the temperature gradient was calibrated by 
placing 2 reference solutions alongside the mAb samples of interest. Both of the reference solutions 
contained 10 mg/mL poly(N-isopropyl acrylamide) (PNIPAM) and a given NaCl concentration in H2O. 
The PNIPAM was purchased from Polymer Source and had a MW = 1.868 x 105 g/mol. The lower critical 
solution temperature (LCST) of each reference solution was obtained with a melting point apparatus that 
measured light scattering intensity as the temperature was increased at a rate of 0.5 K/min. Specifically, the 
LCST was determined at the onset of scattering intensity relative to the flat, low intensity baseline observed 
at lower temperatures. When placed onto the temperature gradient device, the reference solutions became 
cloudy at temperatures above the LCST. The pixel position of the LCST was obtained by the onset of light 
scattering intensity relative to the low intensity baseline on the cold side of the capillary. The temperature 
gradient was calculated using the pixel positions and the LCST values of the 2 samples, assuming a linear 
relationship between position and temperature (1). We note that the temperature gradient was imposed on 
a 6 mm portion of the 12 mm glass capillary tube. This is half of the distance employed for the temperature 
gradient in previous studies (1), which displayed a linear temperature dependence. We confirmed the 
linearity of the temperature gradient device used in this work by calibrating the instrument as described 
above and then measuring the LCST of PNIPAM in 0.8 M NaCl. The value determined on the temperature 
gradient was similar to the value determined with a melting point apparatus. 
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2. Side-On Imaging of ATPS Formation and the Thermodynamics of the Colloidal Phase Diagram  
  
Imaging ATPS Formation on a Temperature Gradient Device versus under Isothermal Conditions. 
In a control experiment, the 90 mg/mL mAb solution with 20 mg/mL PEG-3350, 15.5 mM NaCl, and 22.7 
mM phosphate buffer at pH 6.8 was introduced onto the gradient at a constant temperature of 318 K, which 
is above Tph (Fig. S1A). The image appeared dark across the entire sample, confirming that the 
homogeneous solution did not scatter very much light. In comparison, there was significant light scattering 
from the droplets that formed below Tph, at t = 1 min, after being introduced onto a linear temperature 
gradient of 278 to 318 K (Fig. S1B). As can be seen at 4 and 7 min, ATPS formation above Tgel resulted in 
a reduction of light scattering intensity (Fig. S1C-D). Eventually, the ATPS formation yielded a completed 
ATPS above Tgel, e.g. 60 min (Fig. S1E). 
 
Throughout the manuscript, the reduction in light scattering intensity with time was attributed to the growth 
of droplets and the formation of a clear ATPS within the sample capillary. To confirm this interpretation, 
we acquired side-on images of macroscopic phase separation in a 1.5 mL microcentrifuge tube at constant 
temperature. These constant temperature experiments were also performed on a 90 mg/mL mAb solution 
with 20 mg/mL PEG-3350, 15.5 mM NaCl, 22.7 mM phosphate buffer at pH 6.8. The sample was incubated 
and periodically mixed for 30 min at 318 K (Fig S1F). To initiate a temperature quench, the sample was 
removed from the water bath (318 K) and placed at room temperature (293 K) or in a cold room (277 K). 
The images for the 293 K and 277 K quench experiments are shown in the upper and lower images of Fig 
S1F-I, respectively. The images were obtained over time to follow the macroscopic phase separation at 1, 
15, and 60 minutes in Fig. S1G, S1H, and S1I, respectively. As expected, the 293 K quench resulted in the 
formation of a clear ATPS after 60 minutes, while the deeper quench at 277 K formed a gel that did not 
macroscopically phase separate, even after several weeks. 
 
Measuring Transition Temperatures on the Temperature Gradient. The 3 transition temperatures were 
obtained quantitatively from line scans of scattering intensity as a function of temperature. The phase 
separation temperature, Tph, was determined just after the temperature gradient stabilized, t = 1 min. The 
value of Tph was defined as the onset of intensity, relative to the region of low and flat scattering intensity 
at high temperature, as shown by the intersection of the 2 red tangent lines in Fig. S2A. The metastable 
transition temperature, Tmeta, was determined at the first time point where ATPS formation came to 
completion below Tph. This time point occurred when the light scattering reached a minimum in intensity 
and did not change as more time past. In most cases, the time point for the metastable transition 
determination was around t = 7 min. The metastable transition temperature was determined by the onset of 
light scattering intensity, relative to the nearly completed ATPS at lower temperatures, as shown by the 
intersection of the 2 tangents shown with green lines in Fig. S2B. Finally, the gelation temperature, Tgel, 
was determined from the line scan at t = 60 min, where ATPS formation had been completed or became 
kinetically trapped at all temperatures below Tph. Specifically, the gelation transition temperature was 
determined by the onset of light scattering, relative to the completed ATPS baseline, as shown by the 
intersection of the 2 solid blue tangent lines in Fig. S2C. We note that the 4 line scans provided in the main 
text, Fig. 2, have been normalized to the highest and lowest intensities observed in temperature and time 
during the experiment. Specifically, the data for all 4 line scans were normalized by subtracting the lowest 
intensity data point and then dividing the line scan data by the difference between the highest and lowest 
intensity data points. As such, the normalized line scans have values that ranging from 1 to 0.  
 
Constructing a Colloidal Phase Diagram in the Presence of PEG. We measured the 3 transition 
temperatures as a function of mAb concentration at 20 mg/mL PEG-3350 to construct the phase diagram 
shown in Fig. S3. As can be seen, Tph increased sharply at low concentration, but began leveling-out by 100 
mg/mL (red points in Fig. S3). Below the binodal curve, we observed a metastable region that was bound 
by Tmeta at low temperature (green data points in Fig. S3) for solutions containing more than 50 mg/mL 
mAb. Tmeta increased with mAb concentration in a similar fashion to the binodal curve up to 100 mg/mL 
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mAb and defined the spinodal curve (green curve in Fig. S3). The spinodal should meet the binodal at the 
critical point, as shown schematically in Fig. 1. This intersection was not observed in the employed 
concentration range, which may indicate that the critical concentration, Ccrit, was located at higher mAb 
concentration. The presence of PEG, however, makes the system ternary, consisting of water, protein, and 
PEG. The ternary nature of the system could cause the phase diagram to have an asymmetric shape or move 
the critical point away from the binodal maximum (2–5). At lower concentrations, Tmeta was not measurable 
due to gelation. Indeed, Tmeta should be below Tgel for mAb concentrations between 20 and 50 mg/mL. We 
measured Tgel at all mAb concentrations to chart the gelation line, below which separation became arrested 
(blue curve in Fig. S3). For all samples, gelation occurred at or below Tph and Tgel increased only slightly 
with mAb concentration, with a linear slope of 0.05 K*(mg/mL)-1. These results suggest that the kinetic 
barrier associated with arrested ATPS formation is relatively independent of mAb concentration.  
 
3. Kinetic Analysis of ATPS Formation 
 
3-Dimensional Plots of the Light Scattering Data Obtained from the Temperature Gradient 
Experiments. To visualize the data obtained on the temperature gradient device, we constructed plots of 
light scattering intensity as a function of both temperature and time for various mAb concentrations. These 
3-dimensional plots are provided for 90, 60, 40, and 20 mg/mL mAb conditions in Fig. S4. 
 
Establishing a Stable Temperature Gradient. The time required to establish a steady-state linear 
temperature gradient across the sample capillary was estimated using 2 independent methods. First, we 
monitored the apparent position for the lower critical solution temperature (LCST) of PNIPAM as a 
function of time. A 10 mg/mL PNIPAM sample in 0.8 M NaCl was loaded into a capillary tube and then 
incubated at 4 °C, where the polymer was soluble. The sample was then introduced onto a pre-equilibrated 
temperature gradient (278 – 318 K) and line scans of the light scattering intensity were measured across the 
capillary as a function of time (Fig. S5A). At each time point, the line scans showed weak light scattering 
at lower pixel numbers (cold temperatures) and an onset of light scattering at the LCST located at higher 
pixel numbers (hot temperatures). The spatial position of the LCST shifted to a higher pixel position as 
time progressed and the sample capillary established a steady-state temperature gradient.  
 
The apparent LCST pixel position is plotted as a function of time in Fig. S5B (blue data points). A schematic 
illustration of the PNIPAM experiment is provided in Fig. S5C. In a separate experiment, a thermocouple 
was used to acquire direct measurements of the external temperature of a capillary filled with DI water. The 
thermocouple was fastened to the capillary with a piece of scotch tape as shown in Fig. S5D. After 
introduction of the sample onto the temperature gradient, the temperature read out of the thermocouple was 
recorded at 1 second intervals. The temperature measured by the thermocouple (red data points) is plotted 
as a function of time in Fig. S5B. These 2 measurements provide an estimate of about 1 minute for the 
temperature equilibration of samples on the temperature gradient device. 
 
Processing the Time-Dependent Light Scattering Data. The isothermal light scattering decays, i.e. 
intensity versus time at a specific temperature along the temperature gradient, were processed by a 
standardized procedure prior to kinetic modeling. Here we provide a sequential demonstration of this 
procedure for an isotherm measured at 293.3 K for the 90 mg/mL mAb sample with 20 mg/mL PEG-3350. 
The light scattering intensity, I, was plotted as a function of time, t, after placing the sample onto the 
temperature gradient (Fig. S5E). The solid red vertical line denotes the equilibration time t = 1 min that was 
required to establish a steady-state heat flow and a stable, linear temperature gradient. The data within this 
equilibration time window, i.e. t < 1 min, was discarded. Next, the remaining intensity data points were 
plotted as a function of shifted time, tshifted, as shown in Fig. S5F. The shifted time accounts for the discarded 
data by subtracting a temporal shift of 1 minute along the time axis, as shown in Eq. S1. In the last step of 
data processing, the shifted time intensity data were background corrected by subtracting the residual 
scattering intensity, Iback, and normalized by division by the maximum intensity, Imax, as shown in Eq. S2. 
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The fully processed data (Fig. S5G), which was used in the fitting analyses, begins at a normalized intensity, 
Inorm, of 1 at and decays to 0. 
 

 𝑡"#$%&'( = 𝑡 − 1	𝑚𝑖𝑛 Eq. S1 

 𝐼1234 =
(𝐼 − 𝐼6789)

(𝐼47; − 𝐼6789)
 Eq. S2 

Mechanisms and Kinetic Models of ATPS Formation. The process by which a thermodynamically 
unstable dispersion (i.e. droplets of densely packed mAbs) could proceed toward an equilibrated ATPS 
generally should follow 1 of 2 possible mechanisms:  coalescence or Ostwald ripening. For coalescence, 
there are 2 extreme cases. First, in a very dilute suspension of droplets, the collision rate between the 
droplets can be the rate-limiting step. In this situation, coalescence should resemble a second-order process. 
At higher concentrations of the droplets, however, the rupture of the interfacial water film between 2 
droplets is the rate-limiting step. Under these circumstances, which are valid at the concentrations employed 
in the present experiments, the kinetics of droplet coalescence become first-order and follow a first-order 
reaction equation, Eq. S3 (6, 7): 
 

 𝑁 = 𝑁=𝑒𝑥𝑝(−𝑘𝑡) Eq. S3 

where the droplet number, N, decays from an initial number, No, as a function of time, t, with a first-order 
rate constant, k.  
 
By contrast, Ostwald ripening is the growth of large droplets at the expense of smaller ones. The origins of 
this mechanism are understood by changes in solubility, C(r), of a solute with the curvature of the 
droplet/solution interface or droplet radius, r. Specifically, there is a surface effect that decreases protein 
solubility with increasing particle radius, r, as can be shown through the Gibbs-Thompson equation, Eq. S4 
(8–10). 
 

 𝑟 = 𝐶D𝑒𝑥𝑝 E
2𝛾𝑉4
𝑟𝑅𝑇 K

≈ 𝐶D E1 +
2𝛾𝑉4
𝑟𝑅𝑇 K

 Eq. S4 

Here, C∞ is the protein solubility in the protein-poor phase of the completed ATPS, γ is the surface tension 
of the droplet/water interface, Vm is the molar volume of the protein in the protein-rich phase, r is the radius 
of a droplet, R is the ideal gas constant, and T is the absolute temperature. A decreasing concentration 
gradient in the radial direction extends out from the surface of sufficiently small droplets, while an 
increasing gradient exists near larger droplets (11). Such gradients ultimately lead to diffusive transfer of 
material from small droplets to larger ones. Throughout this process, the average droplet radius increases 
with time as sufficiently large ones release fewer and fewer proteins per unit surface area into the bulk. The 
droplet number, N, in a system undergoing Ostwald ripening should follow second-order kinetics described 
by Eq. S5 (10, 12).  
 

 1
𝑁
−
1
𝑁=

= 𝑘𝑡 Eq. S5 

The idea that droplets grow via an Ostwald-like ripening process has been proposed for cluster growth in a 
variety of protein systems (13–15).  
 
Fits to the KWW Model. The scattering decays were best fit to the Kohlrausch-Williams-Watts, KWW, 
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model described by Eq. 1. The normalized light scattering data and KWW fits for each isotherm are 
provided in Fig. S6. The data are organized into 3 panels corresponding to the 90, 60, and 40 mg/mL mAb 
samples. The KWW fits provided an apparent rate constant for ATPS formation, k. The exponent β accounts 
for cooperative (β > 1) and anti-cooperative (β < 1) features of the decays observed at high and low 
temperatures, respectively.  
 
Time Scale of the Temperature Gradient Measurements. For the experiments presented in this work, 
the sample-containing capillary is placed in contact with the hot and cold sides of the device at t = 0 s. As 
protein-rich droplets form, we expect the light scattering to increase. However, a time period of ~60 s is 
required to form a steady-state temperature gradient across the sample. As such, the kinetic analysis was 
only performed on data collected after 60 s, after which the intensity decreases monotonically. This slow 
time scale (~101-103 s) should be too slow to report on nucleation events (~10-2-100 s) (16). As such, we 
expect that changes in scattering intensity report on droplet growth and coalescence, which is discussed in 
more detail below.  
 
Scattering Intensity Reports on Both Droplet Size and Concentration. The scattering intensity 
measured on an optical dark-field microscope depends on both the concentration and size of the droplets 
inside of the sample-containing capillary. At early times after a sample has been cooled below Tph, droplets 
should nucleate until a steady-state number of droplets have formed. We expect that by 60 s, the changes 
in the light scattering intensity should report on the growth rate of a steady-state concentration of droplets 
and their coalescence into an ATPS. 
  
The effect of droplet size on the light scattering intensity depends on the ratio of the droplet radius, r, 
relative to the wavelength of the incident light, λ ~ 350-720 nm. Scattering from small droplets with r < 
~25 nm should be weak and governed by Raleigh scattering, which dominated when the value of r/λ is less 
than 5. The light scattering from large droplets with a r > ~ 2.5 μm should also be weak and governed by 
the geometric scattering, which is relevant for values of r/λ that are greater than 5. Based on these 
arguments, the homogeneous state, consisting mostly of protein monomers with r ~ 5 nm, and the 
equilibrated ATPS with r ~ 5 μm should both be nearly optically transparent. Thus, the intensity in TGM 
experiments should be dominated by Mie scattering, which dominates for values of r/λ ~ 0.5. These 
arguments suggest that droplets ranging from r ~ 25 nm to 2.5 μm produce the signal observed in the TGM 
kinetics data. Indeed, nucleation events, which involve monomer, dimers, trimer, and higher order 
oligomers are small and should not scatter much light. 
 
Additional Considerations for the Kinetic Analysis. Our mechanistic interpretations are simplified and 
rely on the assumption that the scattering intensity reports on the number of droplets, N. In reality, however, 
the intensity depends on both the concentration and size of protein-rich droplets, as discussed above. We 
note that additional complications could arise from non-spherical droplet geometry (e.g. networks formed 
in the gel state), variations in ensemble size distributions, multiple scattering, the collection of light over 
integrated scattering angles, and the use of a continuum light source. 
 
Estimates for Diffusion Along the Temperature Gradient. Another important point of concern is the 
diffusion of material (e.g. proteins or droplets) along the sample capillary during an experiment. The 
diffusion coefficient of particle, DSE, can be approximated by the Stokes-Einstein equation, provided in Eq. 
S6, 
 

 𝐷OP =
𝑘Q𝑇
6𝜋𝜂𝑟

 Eq. S6 

where kB is the Boltzmann constant, T is the temperature, η is the viscosity, and r is the radius of the particle. 
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The value of DSE at 295 K for a mAb monomer is ~5x10-7 cm2/s, assuming r = 5 nm and the viscosity is 
that of pure water, 8.9x10-4 Pa*s. Under the same solution conditions, a droplet with r = 1 μm is expected 
to diffuse at a slower rate, DSE = 2.4*10-9 cm2/s. The mean displacement, 〈∆Wx〉Z/W, of these particles at 
various time points during the experiment can be estimated using Eq. S7. 
 

 〈∆W𝑥〉Z/W = (6𝐷OP𝑡)Z/W Eq. S7 

The values of 〈∆W𝑥〉Z/W for the monomer at 1, 15, and 60 min were 0.132, 0.512, and 1.024 mm. The values 
of 〈∆W𝑥〉Z/W for the droplet at 1, 15, and 60 min were 0.009, 0.036, and 0.072 mm. Displacement along the 
temperature gradient has also been considered by multiplying the mean displacement by the temperature 
gradient (6.66 K/mm). The temperature displacement for the monomer at 1, 15, and 60 min were 0.881, 
3.414, and 6.827 K. The temperature displacements for the droplet at 1, 15, and 60 min were 0.062, 0.241, 
and 0.483 K. As can be seen, the mAb monomer shows considerable diffusion during the experiment, while 
the droplets are more localized. Since droplets form within 1 minute and ATPS formation is completed in 
about 15 minutes, only the lower end of these ranges need to be considered. Indeed, a growing droplet 
would probably experience less than a quarter of a degree temperature change before ATPS is completed. 
 
Further Discussion of the Proposed 2-Step Mechanism. The simplified reaction scheme proposed in Eq. 
3 is complicated by the fact that ATPS formation should resemble the reaction scheme proposed in Fig. 7A. 
Indeed, droplet growth should involve a large number of sequential associations, rather than a single pre-
equilibrium step. Droplets might contain a numbers of proteins, n, ranging from a few to many millions. If 
we assume that the rate constant of monomer association, kn, is diffusion-limited, then it should not depend 
on the size of the droplet. On the other hand, the rate constant of monomer dissociation, k-n, should vary 
with droplet size due to surface curvature effects. We expect the value of k-n to be enhanced for oligomers 
and small droplets, where the droplet surface is more curved and less protein-protein interactions have to 
be broken to dissociate a monomer into the bulk solution. For large droplets, however, we expect k-n to 
approach a limiting value as the local curvature of the droplet surface becomes flat. The values of kn and k-

n are expected to be size-independent for the larger droplets that are relevant for the temperature gradient 
measurements. As such, we advocate the use of single parameters to describe the rate constants of the 
forward, k1, and reverse steps, k-1, of late-stage growth.  
 
A more detailed reaction equation for ATPS formation and a conversion of intensity to droplet number or 
size would be necessary to quantitatively account for these complications. Nevertheless, the simplified 
model provided in Eq. 3 offers a qualitative explanation for the effects of temperature on the apparent rate 
constant of ATPS formation determined from the fits to the KWW model. 
 
Temperature Dependence of the KWW Parameters. The cooperativity exponents, β, and apparent rate 
constants, k, determined for the 90, 60, and 40 mg/mL mAb solutions with 20 mg/mL PEG-3350 are plotted 
as a function of temperature in Fig. S7A and S7B, respectively. Moreover, Arrhenius plots constructed from 
the measurements of k are provided in Fig. S7C. We observed several generic features of the kinetics data 
for all mAb concentrations: k became moderately slower near Tph, k was enhanced at intermediate 
temperatures, and k became arrested near Tgel.  
 
Interestingly, k slows down near Tph most dramatically under the 90 mg/mL conditions (red data in Fig. 
S7B). The hindrance of ATPS formation at the highest temperature is consistent with an accelerated rate of 
dissociation. Indeed, Tph occurs at a lower temperature for the 60 and 40 mg/mL mAb conditions, which 
prohibits measurements of ATPS formation at higher temperature where dissociation would be accelerated 
further. The attenuation of k near Tph, is mirrored by an increase in β. For the 90 mg/mL sample, the nearly 
constant value of β ~ 1.5 at intermediate temperatures (293 - 299 K) increased slightly near Tph (T  > 299 
K). The more pronounced cooperativity in ATPS formation may indicate a prolonged lifetime of droplets 
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due to enhanced dissociation. The rate of ATPS formation was faster at higher mAb concentrations for all 
temperatures that did not gel (blue to green to red data in Fig. S7B above T ~ 292 K). At lower mAb 
concentrations, the time required for droplet growth should be longer, thereby prolonging ATPS formation. 
 
The natural log of the time constant for ATPS formation, ln(τ), obtained from the negative of ln(k), 
represents a characteristic time scale for processes that contribute to ATPS formation. These time constants 
were found to lengthen dramatically as the temperature was lowered into the gel state for all mAb 
concentrations. The time constants are plotted on a natural log scale for the 3 protein concentrations in Fig. 
S7D. It should be noted that the range of temperatures used in the VFT analysis were characterized by β < 
1. The fitted parameters of gelation determined from fitting to the VFT model are provided in Table S1. It 
would be informative to compare the fragility index (D) of the gels formed in mAb solutions to other soft 
colloidal systems. However, measurements of the fragility index for colloids are commonly based on 
concentration-dependent particle dynamics, rather than the temperature dependence of ATPS formation 
kinetics employed in this work (17, 18). It should be note that the values of β for the 40 mg/mL sample lack 
a region of intermediate temperatures where β is constant. This provides an additional indication that 
gelation occurs in the metastable region of the phase diagram at lower mAb concentrations. 
 
The apparent activation energies for ATPS formation, EA,app, were obtained from the Arrhenius plots in Fig. 
S7C. We calculated the values for EA,app by multiplying the first derivative of the Arrhenius plot by the 
negative of the ideal gas constant. The results are plotted as a function of temperature in Fig. S8. As can be 
seen in Fig. S8A, EA,app shows similar temperature dependence for all 3 mAb concentrations. At 
temperatures below 293 K, ATPS formation is hindered by a large positive EA,app due to gelation. On the 
other hand, at intermediate temperatures, EA,app shows an average close to 1 kcal mol-1. With increasing 
temperature, EA,app clearly becomes negative with an average of ~ -35 kcal mol-1. For clarity, the data are 
also plotted separately for each mAb concentration in Fig. S8B - S8D. For each concentration, the average 
and standard deviation of the EA,app values are provided for the spinodal (green text) and metastable (red 
text) regions. 
 
Connection between the Thermodynamics and Kinetics of Phase Separation in the Metastable 
Region. We expect droplet growth to dominate the kinetics of ATPS formation in the metastable region, 
where we measured a negative EA,app. Below, we consider 2 possibilities for the observed negative EA,app.  
 
Case 1 is that the free energy of the thermodynamic states in Fig. 7B change with temperature. Classical 
nucleation theory predicts that the kinetics in the metastable region are controlled by Case 1 (19). In 
particular, the theory predicts that the steady-state growth rate increases linearly with supersaturation, while 
the rate of nucleation should increase exponentially (19–22). We estimated the supersaturation at each 
temperature from the phase diagram to test the validity of Case 1 and also to test the idea that the apparent 
rate constants of ATPS formation, k, report on droplet growth, rather than nucleation. Supersaturation, s, 
was estimated using Eq. S8,  
 

 𝑠 = 𝑙𝑛 ^
𝐶2
𝐶_223

` Eq. S8 

where Co is the initial protein concentration, and Cpoor is the equilibrium concentration of the protein-poor 
phase after a temperature quench. We obtained the values for Cpoor at each temperature by fitting the binodal 
phase diagram (Tph vs C) to Eq. S9, where Tcrit and Ccrit are the critical temperature and concentration, while 
A and β are empirical parameters that determine the shape of the phase boundary (23–26). It should be 
emphasized that Tcrit and Ccrit are nominal values as the measurements were only made up to 100 mg/mL 
and Eq. S9 assumes that the binodal curve is symmetric despite the ternary nature of the system, which has 
been shown to influence the shape of colloidal phase diagrams (2–5, 23, 25). Nevertheless, the data below 
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100 mg/mL was well-modeled by Eq. S9. 
 

 𝑇_# = 𝑇83$& a1 − 𝐴 E
𝐶83$& − 𝐶
𝐶83$&

K
Z/c

d Eq. S9 

This analysis for estimating the supersaturation is depicted schematically in Fig. S9. Remarkably, the 
dependence of k on s, provided in Fig. S9B, is approximately linear in the metastable region (black line 
over the red data points in Fig. S9B), until reaching a maximum value at Tmeta. At even higher values of s 
(lower temperature) the rate constant became arrested due to gelation (blue data points). As described in 
the main text, this analysis suggests that the negative value of EA,app is related to the enhanced 
thermodynamic driving force for demixing as the temperature of the solution is decreased below Tph.  
 
In other words, the value of EA,app is related to the change in free energy with respect to temperature.  
Supersaturation should be related to the change in free energy upon forming protein-protein interactions 
(e.g. adding a protein to a droplet). The concept of supersaturation is included in Fig. 7 by the difference in 
free energy between the initial state (monomer and droplet) and the intermediate state (droplet). Based on 
Fig. S9, the change in free energy should be larger at lower temperatures. As a consequence, we expect the 
activation energy required for dissociation to increase and droplet growth to accelerate. 
 
One could imagine a second case involving thermodynamic states that are fixed. Under Case 2, the reaction 
coordinate is again a multi-step process involving a reversible first step and an irreversible second step. The 
negative EA,app would imply that the reverse reaction in the first step has a large activation energy. As the 
temperature is lowered, the rate of the reverse reaction decreases sharply and the reversibility of the first 
step (i.e. droplet growth) is impeded, leading to an accumulation of intermediate droplets. As such, the 
observed rate of ATPS formation increases with cooling, until eventually it becomes limited by the second 
step of droplet coalescence in the spinodal region.  
 
The negative EA,app in the metastable region (black line over the red data in Fig. 4B) would support the idea 
that LLPS is limited by a pre-equilibrium step in a multistep reaction (Fig. 7) (27). In fact, when k is 
collectively influenced by k1, k-1, and k2, there should be 3 activation energies to take into account: 2 
corresponding to the reversible steps of the pre-equilibrium (EA,1 and EA,-1 in Fig. 7B) and 1 for droplet 
coalescence in the forward direction (EA,2 in Fig. 7B). The relative magnitudes of the forward and reverse 
activation energies determine whether the overall apparent activation energy is positive or negative (EA,app 
= EA,1 + EA,2 - EA,-1). To estimate the value of EA,-1 for the Case 2 scenario, we assumed that the association 
reaction was essentially diffusion-limited. Under diffusion-limited conditions, k1 should exhibit a weak 
temperature dependence, proportional to the diffusion coefficient (28, 29). Based on the small barrier for 
coalescence (EA,2 = 1 kcal mol-1) measured in the spinodal region and the assumption of diffusion-limited 
association (EA,1 ~ 0 kcal mol-1), the apparent activation energy measured in the metastable region provides 
an approximate barrier for the dissociation of protein monomers from protein-rich droplets (EA,-1 ~ 35 kcal 
mol-1). This is in agreement with the apparent activation energy for dissociating protein-protein complexes 
by electrospray mass spectrometry (30).  
 
Although Case 2 might appear to offer a plausible interpretation for the negative EA,app in the metastable 
region, the supersaturation analysis presented in Fig. S9 suggests the thermodynamic states do change with 
temperature. Thus, the temperature-dependent kinetics of ATPS formation are more accurately described 
by Case 1.  
 

  



 S10 

Figures 
 

 
Figure S1. Dark-field images and schematics of phase separation on the temperature gradient device versus 
images of temperature quenches performed on macroscopic samples. The dark-field images of the 
temperature gradient experiments are provided at 5 time points (columns A-E) during the separation of a 
solution containing 90 mg/mL mAb and 20 mg/mL PEG-3350. Specifically, we show (A) an image of a 
sample exposed to a constant temperature (318 K) versus a linear temperature gradient (278 – 318 K) at (B) 
1 min, (C) 4 min, (D) 7 min, and (E) 60 min after sample introduction. The white circles in the schematics 
represent protein-rich droplets, which scatter light (B-E). The droplets coalesce to form the clear protein-
rich phase of an ATPS, as depicted by the large grey droplet (D-E). For comparison, we also recorded 
images of the phase separation process in centrifuge tubes upon temperature quenches at (Quench 1) 293 
K and (Quench 2) 277 K, which reside in the spinodal and gel regions, respectively. We provide (F) an 
image recorded at 318 K, prior to the temperature quench, versus images captured at (G) 1 min, (H) 15 min, 
(I) 60 min after the temperature quench. 
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Figure S2. Line scans of scattering intensity as a function of temperature at 3 time points of phase 
separation for the 90 mg/mL mAb and 20 mg/mL PEG-3350 solution. The line scans were obtained from 
the dark field images shown in Fig. S1. The line scans are given for (A) t = 1 min, (B) t = 7 min, and (C) t 
= 60 min. The solid lines are provided as visual aids for the transition temperature determinations of Tph 
(red lines), Tmeta (green lines), and Tgel (blue lines). 
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Figure S3. Colloidal phase diagram measured at 20 mg/mL PEG-3350. Tph (red data points) and Tgel (blue 
data points) were measured at t = 1 min and t = 60 min, respectively; while Tmeta (green data points) was 
measured at the first time point when ATPS formation had come to completion below Tph. The red and 
green curves are guides to the eye, while the blue curve is a linear fit to the Tgel data.  
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Figure S4. 3-dimensional plots of light scattering intensity as a function of both temperature and time for 
(A) 90 mg/mL, (B) 60 mg/mL, (C) 40 mg/mL, and (D) 20 mg/mL mAb, all containing 20 mg/mL PEG-
3350. The plots are shown at a temporal resolution of 15 seconds for (A) and 5 seconds for (B-D).  
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Figure S5. Control experiments on the establishment of a temperature gradient and a demonstration of the 
procedure for processing the light scattering kinetic data. (A) The line scans of a 10 mg/mL PNIPAM sample 
containing 0.8 M NaCl over time along a linear temperature gradient (278 – 318 K). The apparent LCST 
values (blue data points) determined from (A) are plotted in (B) along with a direct measurement of the 
temperature by a thermocouple (red data points) as a function of time. The shift of the LCST with time is 
illustrated schematically in (C). Pictures are provided to demonstrate the thermocouple measurement 
technique (D). (E-G) The sequential processing of raw data is shown for an isotherm at 293.3 K of a 90 
mg/mL mAb and 20 mg/mL PEG-3350 solution. The light scattering intensity is plotted as a function of 
time in (E). Note, the vertical red line denotes the time required to reach a steady-state temperature gradient. 
After discarding the first minute of raw data, the intensity was plotted as a function of shifted time in (F). 
The normalized data are provided in (G).  
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Figure S6. Normalized light scattering isotherms and KWW fits. The data are grouped into 3 panels 
corresponding to (red box) 90 mg/mL, (green box) 60 mg/mL, and (blue box) 40 mg/mL mAb 
concentrations all at 20 mg/mL PEG-3350. The 90 mg/mL data are displayed in 6 plots with decreasing 
temperature: (A) 299.7 – 298.8 K, (B) 298.7 – 297.1 K, (C) 297.0 – 295.4 K, (D) 295.2 – 293.7 K, (E) 293.5 
– 292.3 K, and (F) 292.2 – 290.1 K. The 60 mg/mL data are displayed in 4 plots with decreasing 
temperature: (G) 296.8 – 295.8 K, (H) 295.7 – 294.0 K, (I) 293.8 – 292.2 K, and (J) 292.0 – 288.7 K. The 
40 mg/mL data are displayed in 2 plots with decreasing temperature: (K) 294.0 – 292.1 K and (L) 292.0 – 
289.4 K.  
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Figure S7. Summary of (A) the KWW cooperativity exponents and (B) the rate constants as a function of 
temperature for 3 mAb concentrations in 20 mg/mL PEG-3350. (C) An Arrhenius plot of ln(k) versus 
1000/T and (D) a VFT plot of ln(τ) vs. T were prepared from the KWW parameters. The data points in (A-
D) are colored according to the mAb concentration of either 40 mg/mL (blue), 60 mg/mL (green), or 90 
mg/mL (red). The solid lines in (D) represent fits to the VFT model.  
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Figure S8. Apparent activation energies for ATPS formation, EA,app, obtained from the Arrhenius plot in 
Fig. S7C. The values of EA,app are plotted a function of temperature for 90 (red circles), 60 (green squares), 
and 40 mg/mL mAb concentration (blue triangles) in (A). The 2 dashed horizontal black lines in (A) are 
guides to the eye and represent average values of EA,app determined in the spinodal (1 kcal mol-1) and 
metastable (-35 kcal mol-1) regions of the 90 and 60 mg/mL mAb samples. The EA,app values for the (B) 90, 
(C) 60, and (D) 40 mg/mL mAb concentrations are plotted separately for clarity. In (B-D), the data are 
divided into the metastable (red data), spinodal (green data), and gel (blue data) regions, which are 
demarcated by dashed vertical colored lines at Tph (red lines), Tmeta (green lines), and Tgel (blue lines). The 
dashed horizontal black lines in (B-D) represent the average values of EA,app determined for the spinodal 
(green text) and metastable (red text) regions. For the 90 mg/mL mAb sample in (B), the EA,app for the 
metastable region was determined only from the data between 295.9 - 298.3 K. 
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Figure S9. The relationship between supersaturation and the kinetics of ATPS formation. (A) Binodal curve 
of the colloidal phase diagram. The initial protein concentration, Co, and equilibrium concentration of the 
protein-poor phase, Cpoor, used to calculate supersaturation at a final temperature, Tfinal, are illustrated by 
the dashed vertical lines. (B) The rate constant of ATPS formation versus the supersaturation for the 90 
mg/mL mAb sample. The data in (B) are colored in red, green, or blue to distinguish the metastable, 
spinodal, and gel regions, respectively. 
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Tables 
 
Table S1. The fitted parameters of the VFT model for various mAb concentrations.  

mAb Conc. (mg/mL) τo (s) To (K) D (a.u.) 
90 0.57 289.6 0.05 
60 0.24 288.7 0.08 
40 0.28 288.9 0.07 
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Movie Caption 
Movie S1. Time-lapse video showing LLPS and ATPS formation of mAb solutions on the temperature 
gradient device. The video displays the data for 80, 90, and 100 mg/mL mAb solutions each containing 20 
mg/mL PEG-3350, 15.5 mM NaCl, and 22.7 mM phosphate buffer at solution pH of 6.8. The mAb-
containing capillaries are labeled with their concentration on the left-hand side of the video. Additional 
capillaries, containing 10 mg/mL PNIPAM, are included for calibration of the temperature gradient. The 
PNIPAM solution in the top-most capillary contains 1.5 M NaCl (LCST = 13.2 oC), while the bottom-most 
capillary contains 0.1 M NaCl (LCST = 28.9 oC). The video provides data for a total time of 20 minutes 
and 40 seconds, where the dark field images were acquired every 5 seconds. A time stamp is provided at 
the bottom-left corner of the video.  
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