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S1 Nanoemulsion synthesis and stability
S1.1 Control of nanoemulsion droplet size

The nanoemulsions were made using high pressure homogenization, which allows easy
preparation of large quantities of emulsions with a range of droplet sizes.! In this work, the
nanoemulsion droplet diameter (D) was controlled by the number of homogenizing passes (N) at
a fixed homogenizing pressure AP = 18 kpsi. Nanoemulsions discussed here consist of PDMS
droplets (volume fraction ¢ = 0.30) dispersed in an aqueous continuous phase containing
PEGMA (volume fraction P = 0.33) and SDS with a total concentration = 175 mM in the system.
The droplet size was determined using dynamic light scattering after diluting the nanoemulsion

to ¢ = 0.002 using an aqueous diluting agent with P = 0.33 (Methods).

To synthesize the nanoemulsion, a pre-emulsion was first obtained by adding PDMS into a pre-
mix aqueous continuous phase with P =0.33 and [SDS] = 175 mM, and the mixture was then
agitated using magnetic stirring for 15 minutes. The pre-emulsion was processed into the
nanoemulsion with high pressure homogenization. Figure S1 shows the droplet size as a function
of N at AP = 18 kpsi. The variation of droplet size follows an empirical exponential decay with
N, as shown by the solid line in Figure S1.1?
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Figure S1. Evolution of nanoemulsion droplet diameter, D, with the number of homogenization passes, N.
The size variation is fitted with an exponentially-decay function as shows by the solid line. The inset

photograph shows the appearance of the nanoemulsion after N = 1 (opaque) and N = 17 (transparent).

S1.2 Nanoemulsion stability

The droplet stability was tested by investigating the effect of thermal gelation. The experiment
was conducted by a series of temperature-jump steps. First, the nanoemulsion (P =0.33, ¢ = 0.3
and D = 53 nm) was placed in an oven where the temperature was kept at 55.0 °C for 10

minutes. After the gelation is induced (Figure 1b), the nanoemulsion was cooled to 4 °C for 15
minute to ensure sufficient cooling. By applying a gentle shear, the nanoemulsion was able to re-
enter to liquid-state (see S2 for a more detailed discussion on the recovery of the nanoemulsion
system using rheometry). The droplet size was then measured using DLS, and the diameter was
only slightly increased to D = 55nm. Such increase in droplet size might result from 1) the rate of
Oswald ripening is increased at elevated temperatures,! and 2) the oil/water interface is less
stabilized during the surfactant displacement. However, the result still suggests the process of

gelation does not significantly (less than 5%) affect the size of the droplets.

Another droplet stability test was also applied to monitor the size of nanoemulsion droplets in the
PEGMA solution as a function of temperature using DLS. The data is shown in Figure S2 below.

Before each DLS measurement, the nanoemulsion is diluted by a PEGMA aqueous solution (P =

2



0.33) and the resulting oil volume fraction is 0.1%. As shown, the droplet size stays stable across

the experimental temperature window, suggesting PEGMA does not dissolve in the oil droplets.
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Figure S2. Nanoemulsion droplet size as a function of temperature. The error bars are standard errors

from 3-5 independent measurements.

S2 Rheological characterization of the model nanoemulsion system
S2.1 Linear viscoelasticity and the plateau modulus of the canonical nanoemulsion

To determine the gelation temperature (Tger) and the plateau modulus (Gp) of the nanoemulsion
gels, we measured the linear viscoelasticity, storage modulus G’(®) and loss modulus G” (®), at
rising temperatures. The results of the canonical nanoemulsion (D =50 nm, P = 0.33 and ¢ = 0.3)
are shown in Figure S3a (and Figurela). At the room temperature, the nanoemulsion shows a
liquid-like behavior. A critical sol-gel transition is found at T = 30.0 °C where G’(®) ~ G” (®) ~
o" using the classic Chambon-Winter criterion,3* and a gelation temperature, Tge, is determined.
As further increasing the temperature, G* and G” grow, and G’ becomes nearly independent of
the applied frequency. In this high temperature regime, we found that the viscoelastic moduli do
not appreciably change when T > Tge + 20 °C (i.e. T > 50 °C in Figure S3a). Therefore, in this

work we determined the plateau modulus of all nanoemulsions with different formulations at a



temperature of Tge + 25 °C (Figure 1a and Figure 4 to 6), and the Tgel of each sample was

determined using the Chambon-Winter criterion.®*

S2.2 Reversibility and recovery of the nanoemulsion gel

Rheological characterization combining small-amplitude oscillatory shear (SAQS, shear strain
equal to 0.05%) and large-amplitude shear (LAOS) at a fixed angular frequency o =20 rad s
was used to test the reversibility and recovery of the nanoemulsion gel (Figure S3b). The
characterization was composed of three steps of time-sweep measurements. First, the linear
viscoelasticity was measured using SAOS at T = 20 °C. As shown, the nanoemulsion showed a
liquid-like behavior with G” >> G’ over the experimental window. Subsequently, the
temperature was raised to 55 °C, and the SAOS measurement started once the system reached the
target temperature. The storage and loss moduli reached a plateau after =~ 500 seconds, and the
nanoemulsion showed a solid-like behavior as expected. Finally, the temperature was either
decreased to 20 °C or kept at 55 °C in the third step. Once the target temperature was reached, a
LAOS with a shear stress, 6 > oy (where oy is the yield stress determined in Figure S3c), was
applied to the nanoemulsion for 60 seconds, and the SAOS was then performed to measure the

linear viscoelasticity.

The reversibility test (20-55-20 °C route) supports the existence of an energetic barrier in the
estimated interactive potential (Figure 2c). When the temperature is decrease from 55 to 20 °C,
the system is still trapped in the energy minimum, and the nanoemulsion still shows significant
elasticity over the experimental window (Figure S3b). When larger o is applied, the system can
more easily escape from the energy minimum and re-enter the liquid state, supporting our
estimated interactive potentials and the proposed gelling mechanism where the system needs to
overcome an energetic barrier to undergo gelation. On the other hand, the recovery test (20-55-
55 °C route) shows that storage and loss moduli decrease after a shear stress is applied. Such
decrease is possibly due to a slow structural relaxation that has been found in similar colloidal
gel systems® when the system is directly quenched to a state far from equilibrium®. It has been

found that applying a large shear can facilitate such structural relaxation®.



10°p . .
s 8 8 8 s 8 8 8 0 9 seesccscesvevvene,
e B 3
E 2888860686 10 9
2 @ 000
| ® woe | = [eocoo0ocooocoooco000®
e o a f R
= 50.0 °C} = =]
] i {,ﬂ
- %515'0 . 8 1o /
a ] & . [} /
10°F | @ ss0¢ L ] 1
° L s 888 * . 0,~65Pa
8 ¢ s ® .o
. 10°
102
0 7 -
10 10 ) 10 107 10 10"
w(rads™') t(sec) o (Pa)

Figure S3. Rheological characterization of the model nanoemulsion system. The nanoemulsion is
composed of P = 0.33 and ¢ = 0.3 with a droplet diameter D = 50 nm. (a) Linear viscoelasticity, G’ and
G”, as a function of angular frequency, o, at rising temperatures. (b) Reversibility (20-55-20 °C with
different shear stresses, ¢) and recovery (20-55-55 °C with o) tests. (¢) LAOS measurement at 55 °C to

determine yield stress, oy =~ 6.5 Pa. For all figures: G’ = closed symbols and G” = open symbols.

S2.3 Effect of total [SDS] on the nanoemulsion gel properties

In our a priori estimation of the interactive potentials, the free SDS in the continuous phase
contributes to the depletion interaction and the Debye length, « (Fig. 2c and Fig. 3). Therefore,
for the same droplet size, polymer and oil volume fractions, the decrease in the total [SDS] will
give rise to a decrease in the depletion interaction and the electrostatic screening, leading to the
increase in the gelation temperature and the decrease in the gel strength. To validate these
predictions, we studied the effect of the total [SDS] on the gel properties. The results are shown

in Figure S4. As expected, the Tgel increases and Gp decreases as the less SDS is added.
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Figure S4. Gelling mechanism as a function of total [SDS] in the nanoemulsion. The PEGMA and oil
volume fractions are 0.33 and 0.3 respectively. The droplet diameter is 50 nm. The figure shows (a) Tge
and (b) Gp as a function of [SDS].



S3 Nanoemulsion droplet characterizations

We assumed the colloidal gelation is due to a decrease in electrostatic repulsion via a surfactant
displacement mechanism. To validate the hypothesis, we measured the zeta potential of the
nanoemulsion droplets (Section S3.1) and investigated how PEGMA replaces SDS (Section S3.2
to S3.4) at rising temperatures. The details of the experiments can be found in Methods section.

S3.1 Zeta potential, &, of the nanoemulsion droplets

Figure S5 shows the results of & as a function of temperature. As expected, & decreases with
temperature (red) in the presence of PEGMA, and the changes in the zeta potential are much
larger than measurement error bars, suggesting SDS desorbs from the droplets which leads to the
decreases in the electrostatic repulsion (the desorption will be analyzed quantitatively in Section
S3.4). On the other hand, & remains unchanged when no PEGMA is added to the system (blue).
The observation in Figure S5 supports our gelling mechanism in which the surfactant
displacement of the ionic surfactants (SDS) only takes place when the amphiphilic oligomers
(PEGMA) are added to the nanoemulsion system.
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Figure S5. Zeta potential, &, of the nanoemulsion as a function of temperature, T. & only decreases in the
presence of PEGMA, supporting our proposed gelation mechanism where the decrease in electrostatic
repulsion results from displacement of the ionic surfactant. Error bars are standard errors from 25-30

independent measurements.



S3.2 Isothermal titration calorimetry (ITC) experiment

To further probe the surfactant displacement mechanism, ITC was conducted to study the
adsorption of PEGMA onto nanoemulsion droplets. As described in the Methods section, the
measurements were performed by titrating PEGMA solution into the nanoemulsion (PDMS
droplets suspended in an aqueous solution of [SDS] = 5.3 mM) at various temperatures. The ITC
instrument measures the heat associated with the mixing, including the heat of PEGMA
adsorption and the heat of PEGMA dilution. The heat of dilution can be measured using a blank
test by titrating PEGMA into the SDS solution ([SDS] = 5.3 mM), which was served as the
background signal to correct the raw adsorption data.

Figure S6 shows an example of the result from an ITC measurement (red curve) and the
corresponding blank test (blue curve) at T = 45.0 °C. Note that the result is not yet corrected by
the background. The direction of the PEGMA adsorption data suggests the adsorption is an
endothermic process, which supports our proposed mechanism (Figure 2a) and rheological data
that the gelation and the surfactant displacement take place at elevated temperatures. The data
shown in Figure S6 were then analyzed to obtain the detailed adsorption information in Section
S3.3.
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Figure S6. Results of an ITC measurement (red curve) and the corresponding blank test (blue) at T = 45.0

°C. The direction of the arrow indicates the endothermic process.



S3.3 ITC Data analysis

To further obtain the quantitative information of PEGMA adsorption behavior, the background-
corrected data (Figure S7) were fitted to an independent binding model using the data analysis
software NanoAnalyze (TA Instruments). The independent binding model assumes all sites are
equal in affinity and independent, and has been widely used in studies of small molecule
binding,” macromolecule-ligand interactions,® adsorption of small molecules onto nanoparticles®

and even adsorption of proteins onto nanoparticles.*%!

To establish the adsorption isotherm from the independent binding model, we performed the
equations that have been well-developed and widely-used in the literature.8° First, the binding

reaction with an equilibrium constant, Ky, is considered and shown as followed

NEs+P=NEs-P K, = s Pl (S1)
STESAES 4 = INEs][P]
where NEs is the binding site on the nanoemulsion droplet and P is PEGMA.
The degree of saturation, f4, is then defined as
[NEs - P] K4[P]
fa =—= (S2)

" [NEs] + [NEs-P] 1+ K,[P]
Since all binding sites are assumed to be equal and independent, following relations can be
established,

[P] = [P], — N[NE - P] (S3)
[NE] = [NE], — [NE - P] = [NE],(1 — fa) (S4)
where N is the number of PEGMA adsorbed onto the droplet, [P], is the total concentration of

PEGMA and [NE], is the total concentration of the nanoemulsion droplets.

Using Eq. (S2) to (S4), f,4 can be expressed as follows,

[P], 1
P L+ NINET, T NRLINET, (P 1 © 4P, (S5)
A 2 2 N[NE], NK,[NE], N[NE],
The heat measured from the ITC experiment, @, is then calculated as,
Q= AHVcellN[NE]ofA (86)



where AH is PEGMA adsorption heat and V,,;; is volume of sample cell. Therefore,

[P], 1
[NE], " NK,INE,

1+N

Q= AHVcellN[NE]o )

(S7)

(Pl 1 N Pl
2 N[NE], NK,[NE], N[NE],
Eq. (S7) is the adsorption isotherm associated with the heat and can be used in data analysis.
Alternatively, consider the ITC measurement is done by discretely injecting certain amount of

PEGMA solution into the nanoemulsion, the change in heat, AQ, from injections can be

expressed as,

AQ=QH) -Ql-D+

Vinj (Q(i) + Q@i - 1)) (s8)

A 2
where V;,; is the injection volume each time and V;, is the initial cell volume.
Figure S7 shows an example of the data analysis at T = 45.0 °C. The data (closed symbols) has

been corrected from the blank test and is shown as a function of number of injections. The solid

line indicates the result of model fitting using Eqg.(S7) and (S8).
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Figure S7. Example of ITC data analysis at T = 45.0 °C. Closed symbols: background-corrected data.
Solid line: model fitting using Eq. (S7) and (S8).



Figure S8 concludes the results from ITC measurements at elevated temperatures. Figure S8a
shows that the number of PEGMA adsorbed per droplet increases at the elevated temperatures.
Along with the zeta potential shown in Figure S5 where the magnitude decreases with T, the
results are the direct evidence of the thermally-triggered surfactant displacement mechanism.
Moreover, the resulting values in Figure S8a can be further used to estimate the surface potential
of nanoemulsion droplets and we show that the resulting values are consistent with the measured

zeta potentials in Section S3.4.

Figure S8b shows that the heat of PEGMA adsorption is a function of temperature. First, the
result shows the adsorption process is an endothermic reaction across the temperature window,
suggesting the entropy of the system increases during the adsorption.%? Such increase in the
entropy results from the increase in the translational entropy of the water molecules during the
dehydration of the PEGMA hydrophobic groups.'®!2 Therefore, the endothermic behavior
supports our proposed mechanism where the dehydration of the hydrophobic groups of the
oligomers drives the adsorption. Second, the magnitude of the adsorption heat decreases as the
temperature increased. The decreasing heat suggests PEGMA is less stabilized in the continuous
phase at elevated temperatures and to validate this hypothesis we compared the blank tests at
different temperatures. As shown in Figure S9, as expected, the dilution is an exothermic
reaction across the temperature window, and the magnitude of the heat flow decreases at
elevated temperatures. The result suggests that PEGMA is more stabilized in the continuous
phase at lower temperatures, supporting the observation that less adsorption heat is required at

higher temperatures.

10
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Figure S8. ITC results as a function of temperature. (2) The number of PEGMA adsorbed per droplets, n.
(b) The heat of PEGMA adsorption onto the nanoemulsion droplets, AH. For both figures, the solid lines

are drawn to guide the eye. Error bars are one standard deviation from 3 to 4 independent measurements.
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Figure S9. Dilution of PEGMA (blank test) at different temperatures. At higher temperature, PEGMA is

less stabilized in the continuous phase as the magnitude of the heat flow, Q, is smaller.
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S3.4 Estimation of droplet surface electrostatic potential

The PEGMA adsorption shown in Figure S8a allows us to calculate the surface potential, ¥,,, of
nanoemulsion droplets and compare the resulting ¥, with measured zeta potentials in Figure Sb.

To estimate v, Grahame equation was used"®

(S9)

2kT o
P, = —sin" | ——

ze v 8kTny €, 8,
where k is Boltzmann constant, T is the absolute temperature, z is the valence (charge number),
o is the surface charge density (i.e. surface SDS density since zsps = 1), ng, is the bulk
concentration of ions, ¢, is the permittivity of free space and &, is the relative permittivity of
water'* since the ITC and zeta potential measurements were performed under a diluted condition
(Methods).

The Grahame equation has been used to estimate the surface potential of colloids®® by

considering the surface charge density, o, estimated as

o = (nsps — J;nPEGMA)e (S10)

where ngpg is number of SDS on a droplet and is estimated by considering the area of SDS

occupied on the oil droplet (= 0.617 nm?/molecule!®), npgeua is the number of PEGMA
adsorbed onto droplet from ITC measurements, A is the surface area of a droplet and x is the
number of SDS replaced by PEGMA, which is not necessarily equal to unity as will be discussed
shortly. To simplify the calculation, here we assume the number of replaced SDS molecules is
the same across the temperature window, i.e. x is assumed to be a constant and independent of

temperature.

By using Eq. (S9), (S10) and the values listed in Figure S8a, the resulting estimated surface
potentials at elevated temperatures are shown in Figure S10b. Figure S10a lists the temperature-
dependent zeta potentials from Figure S5 for comparison. Again, the magnitude of the measured
& decreases (less negative) with temperature, suggesting the desorption of SDS, and the trend of
& should also reflect the behavior of the surface potential,’~*° i.e. the magnitude of 1, should
also decreases with temperature. Interestingly, as shown in Figure S10b, the [y, | increases with

temperature for x = 1 and 2. Such counter-intuitive observation is possible since &, (See Table 1)

12



is temperature-dependent®* (as well as T). The trend of 1, starts to follow the trend of & as x > 3,
indicating at least three SDS molecules are replaced by one PEGMA under the adsorption

process.

Based on Eq. (S9) and (S10), a decreasing |y, | at elevated temperatures can be always obtained
when x > 3, although the value of x should be finite. To determine a reasonable range of x, we
considered the adsorption heat, AH, associated with the surfactant displacement process.
According to the proposed mechanism shown in Figure 2a, PEGMA adsorption in fact includes
two steps: SDS desorption and PEGMA adsorption, and the heat associated with these two steps
are lumped into a single AH in the ITC data analysis. According to prior work which studied
SDS adsorption/desorption thermodynamics at the oil/water interface,?°2? the desorption heat of
SDS is ~ 15-20 kJ/mole (endothermic process). Along with the ITC results listed in Figure S8b

where AH is = 100 kJ/mole, a reasonable range of x is 3 to 5 here.
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Figure S10. Comparison of the masured zeta potential, &, and the estimated surface potential, 1, of the
nanoemulsion droplets. (a) Measured & from Figure S5. (b) Estimated v, using Eq. (S9), (S10) and the

values listed in Figure S8a. The solid lines are drawn to guide the eye.
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