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SUPPLEMENTARY NOTE 1: INTERACTION POTENTIAL

The gradual decrease in pH due to the addition of glucono-δ-lactone brings the proteins

closer to their isoelectric point. As a result, the electrostatic repulsion between the particles

diminishes, and the attractive van-der-Waals and hydrophobic interaction forces dominate,

leading to aggregation. We estimate the underlying protein-protein interaction potential in

the framework of DLVO theory. The electrostatic repulsion is computed from the measured

zeta potential ζ according to

Vel = 2πrζ2/κ2ε0ε ∗ e−κh, (1)

where the Debye screening length κ−1 is estimated from the ionic strength Iion at a given

pH taking into account the added 5mM KCL using

κ−1 =

√
ε0εdkB

2IionNA

(2)

The van-der-Waals attraction is computed from the Hamaker constant H and the particle

center-to-center distance h according to

VvdW =
r ∗H
12 ∗ h

, (3)

where we take r = 1.1µm, the average particle radius, and the Hamaker constant H =

3kBT , as found for similar protein interactions in water [4–6]; we thus assume the same

Hamaker constant for the microparticles as for the continuous protein phase.

The resulting total potential

Vtot = Vel − VvdW. (4)

exhibits a change from strongly attractive to repulsive at a Zeta potential larger than

∼ 13mV , see Supplementary Figure 3a. To link this estimated potential back to the experi-

mental measurements of aggregation, we plot the evolution of pH as a function of time after

adding glucono-δ-lactone in Supplementary Figure 3b. We also measured the Zeta potential

of the WPI microbeads as a function of pH by electrophoresis, as shown in Supplementary

Figure 3c. For these measurements, the WPI microbeads were dispersed in demineralized

water at a concentration of 0.1% (w/w), and the Zeta potential was measured at 7 different

pH values ranging from 3.0 to 7.0 using a Nano ZS Zetasizer (Malvern Instruments). Supple-

mentary Figures 3b and c together allow us to estimate the time evolution of the micropar-

ticle potential and compare it to the time scale of aggregation. We see from Supplementary
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Figure 3a that the repulsive barrier in the DLVO potential has completely disappeared at

a Zeta potential of 13mV; according to Supplementary Figure 3c, this happens at a pH of

about 5.2, which, according to Supplementary Figure 3b, corresponds to a time of 225 min-

utes. This time indeed corresponds to the onset of aggregation, as shown in Supplementary

Figure 3d. Thereafter, the pH evolves only slowly, leading to even higher attraction, which

however is not so relevant any more for the aggregation behavior, as already for the Zeta

potential of 13mV the estimated interaction energy is −30kBT , causing irreversible particle

attachment with very low probability of rearrangement. The gelation process thus proceeds

by irreversible aggregation, greatly slowed down by the increased viscosity due to the high

concentration of sucrose in the solution. We note that the sugar can influence the protein

interactions: the lower dielectric constant can slow down the atomic motion in the protein

molecules [7], and the added sugar decreases the Hamaker constant, reducing the Van der

Waals interaction, which could further slow down the aggregation process. The value found

for the isoelectric point of the WPI microbeads is in good agreement with the values ranging

from 4.7 to 5.0 reported by other authors for WPI aggregates produced in aqueous solutions

at neutral pH [8, 9]. Moreover, the value is in perfect agreement with the isoelectric point of

heat-induced whey protein aggregates produced by simply heating the same specific protein

isolate in an aqueous solution below its critical gel concentration, as shown in Supplemen-

tary Figure 3c. Therefore, the microparticles mimick the expected isoelectric properties of

the heat-denatured WPI aggregates.

SUPPLEMENTARY NOTE 2: MICRORHEOLOGY

Microrheology relates the recorded displacements of features in soft samples to the local

visco-elastic behaviour of the material. This non-invasive method gives insight into the local

mechanical response of a wide range of soft materials, including colloidal gels and living

cells. Several software distributions have been developed for microrheology, including the

software package of J. Crocker for the interactive data language (IDL), which was translated

and expanded upon in Matlab [1]. We use an algorithm based on a python adaptation of

this software [2]. The tracer particles’ mean square displacement, < ∆r2(τ) >, is related to
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the creep compliance, J , according to [3]:

J(τ) =
3
∏
a

NdkBT
< ∆r2(τ) >, (5)

where a is the average particle radius Nd is the dimensionality of the motionkB the Boltz-

mann constant and T the temperature. The complex moduli are related to the creep com-

pliance via:

G∗(ω) =
1

iωJ̃
(6)

We track the individual protein particles and determine their mean-square displacements

over 100 seconds from a set of 2000 images taken at a frame rate of 20−1. Using these

particles of the protein network themselves as tracer particles and combining the result of

a large quantity of particles (∼ 400), we obtain the complex moduli over time shown in

Fig. 2 of the main text. The storage modulus overtakes the loss modulus as the system

approaches a gel state, increasing roughly an order of magnitude compared to the early

stages of aggregation. This can be seen in more detail in the full frequency-dependant

moduli taken at different stages of aggregation in Supplementary Figure 4. At the start

of aggregation, the fluid state is characterized by a power-law storage modulus (∝ ω1). As

aggregation proceeds and gelation is approached, the modulus increases and flattens towards

low frequencies, reflecting the emergence of solid-like behaviour of the system upon gelation.

Compared to the storage modulus, the loss modulus at the start of aggregation shows

higher values over most of the frequency range (Supplementary Figure 4). As time evolves,

the moduli increase in magnitude, and the storage modulus overtakes the loss modulus over

a wide frequency range, in particular at low frequencies.
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Supplementary Figure 1. Schematic overview of the preparation procedure of dry WPI

microbeads

Supplementary Figure 2. Confocal microscope images of the protein microparticles. Im-

ages show examples of the dispersed (a) , cluster (b) and gelled (c) phases.
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Supplementary Figure 3. Interaction potential. (a) DLVO potentials for various zeta-potentials

reveal the electrostatic barrier disappears when the zeta potential approaches a value of 13mV. (b)

Measurement of the pH of the acidifying solution as a function of time. The data shows we approach

a pH of 5.2 after 225 minutes. (c) Zeta potential as a function of pH measured by electrophoresis.

The zeta potential corresponding to pH 5.2 is 13mV. The isoelectric point is found to be at the

same pH for both the WPI microparticles (blue dots) as well as for the protein aggregates (red

triangles), reflecting identical electrostatic properties for WPI and WPI microparticles. (d) Mean

coordination number of the particles as a function of time reveals that pH 5.2 is reached in the

very early stage of the aggregation process (vertical red dotted line).

Supplementary Figure 4. Evolution of the frequency-dependent moduli. The frequency-

dependent storage and loss moduli determined from microrheology show the transition from a

fluid to a solid material from the rise of the low-frequency response. Dashed line in (a) indicates

power-law slope 1. At the start of aggregation (a), the storage modulus shows lower values than

the loss modulus at low frequency. As time evolves, the moduli increase in magnitude, and the

storage modulus overtakes the loss modulus over a wide frequency range (d).
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