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ABSTRACT

Colloidal gelation is an effective tool to engineer material properties. Nanoemulsions, liquid-liquid
dispersions where the droplet size is on the order of 100 nm, have become an emerging model
system for studying aspects of colloidal gel materials. In conventional approaches, the gelation of
nanoemulsions relies on the addition of another component into the suspension. However, such
strategies require adding or removing components, which can be challenging for material
processing, manipulation and studies of the colloidal gel physics. Therefore, a simple external
stimulus such as temperature that can induce gelation of the nanoemulsion is highly desired.

This thesis focuses on the design and property-structure relationship of novel nanoemulsion
dispersions whose gelation is responsive to temperature. Armed with a molecular-scale
understanding of the thermally-gelling nanoemulsion system, we design a gelling platform that
can accommodate a wide range of colloidal formulations and gelling nanoemulsions that are
responsive to different external stimuli such as pH and ionic strength. Moreover, by using the
resulting thermally-gelling nanoemulsions, we study fundamental aspects of colloidal gel physics
and develop applications for practical use.

First, we design a gelling colloidal system whose inter-droplet interaction is modulated through
thermally-responsive repulsions. By including amphiphilic oligomers in colloidal suspensions, the
ionic surfactants on the colloids are replaced by the nonionic oligomer surfactants at elevated
temperatures, leading to a decrease in the electrostatic repulsion. The mechanism is examined by
carefully characterizing the colloids, and subsequently allowing the construction of interparticle
potentials to capture the material behaviors. With the thermally-triggered surfactant displacement,
the dispersion assembles into a macroporous viscoelastic network, and the gelling mechanism is
robust over a wide range of compositions, colloid sizes and component chemistries.

Second, with the molecular understanding of the thermally-gelling nanoemulsion system,
nanoemulsions that are responsive to different stimuli are designed and studied. In one project, we
report a gelling nanoemulsion system in which the material properties are responsive to changes
in temperature and pH. The nanoemulsion is stabilized using a weak acid surfactant containing a
poly(ethylene glycol), PEG, segment and a carboxyl group. We show that the interplay of the
dissociated carboxyl group and the PEG segments greatly affects the nanoemulsion properties and
gives rise to the thermally and pH-responsive gelation of the system. In the other project, we revisit
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the original nanoemulsion that the Doyle group designed and investigate the previously-
overlooked depletion interactions and screened electrostatic repulsions. We take advantage of
these interactions and study the material behaviors by sequentially applying two different gelation
routes — first screening the electrostatic repulsion and then inducing the droplet bridging. The
results show a non-intuitive trend in the material, and we show that the screening of electrostatic
repulsions at room temperature in the first step has a considerable influence on the nanoemulsion
microstructures and the associated rheological properties.

Third, using thermally-gelling nanoemulsions, we investigate the effect of processing history on
the material properties of colloidal gels. We provide new experimental evidence of path-dependent
rheology and associated microstructures in colloidal gel systems. Moreover, we also show that
material properties can be beyond the limit set by direct quenching and the gel strength can be
greatly enhanced. On the other hand, we perform multiple particle tracking (MPT) to probe the
nanoemulsion gels at a micrometer scale. We show that, by tailoring the surface chemistry of MPT
probe beads, different domains of the gel microstructures are independently probed. The
transportation modes of particles and the gel strength at different length scale are obtained.

Finally, the complex structure from the self-assembled nanoemulsions is utilized for practical
applications. We show that we can synthesize hierarchical hydrogels using 3D-printing. By
properly engineering the nanoemulsions, the gel serves as ink with good shear-thinning behavior
and remarkable structural recovery. The bottom-up route via droplet self-assembly provides
various internal structures, while the top-down route during printing shapes the hydrogel geometry.
The resulting hydrogels can be used in applications such as membranes and tissue engineering.

Thesis Supervisor: Patrick S. Doyle
Title: Robert T. Haslam (1911) Professor of Chemical Engineering
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partition into the oil/water interface and displace the SDS. The displacement of SDS decreases
the repulsive interaction between colloids. The excess PEGMA in the continuous phase provides
a significant depletion attraction, and together with the depletion from SDS micelles and the van
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der Waals interactions, the droplets self-assemble into gels. Contributions to the interaction
potential as a function of distance are shown in the inset of (c). (b) Temperature-dependent zeta
potential, { (blue symbols, left y-axis), and the number of PEGMA adsorbed per droplet, n (red
symbols, right y-axis). As temperature increases, |(| decreases while n increases, supporting our
hypothesis that PEGMA replaces SDS on the droplet which decreases the surface charge and
electrostatic repulsion. (¢) Interaction potential at rising temperatures, as a function of droplet
center-to-center distance r scaled by the droplet radius a. The inset shows the contributions to the
potential at T = 50.0 °C from depletion from PEGMA, depletion from SDS micelles, electrostatic
repulsion and van der Waals interaction (VDW). As temperature increases, the repulsive barrier
decreases, and the nanoemulsions can overcome the barrier to self-assemble into a gel. ............ 48
Figure 2.3 Schematic diagram of the system used for estimating the interactive potentials. A total
of four interactions were considered: electrostatic repulsions, depletion by PEGMA, depletion by
SDS micelles and van der. Waals inleractioni.. v s vite ittt sireses mit i snesssnin et my it 49
Figure 2.4 Gelling mechanism is robust over a wide range of compositions. (a) Teel as a function
of PEGMA volume fraction in the continuous phase, P. (b) Gp as a function of P showing a
power-law dependence of Gp ~ P>®, Nanoemulsions in (a) and (b) are composed of PDMS
droplet with D = 50 + 1 nm and a volume fraction ¢ = 0.30. (c) Tee as a function of ¢. Because
the bulk SDS concentration decreases with increasing ¢, Teel decreases slightly due to weaker
micelle depletion attraction. (d) Gp as a function of ¢, showing a power-law dependence of Gp ~
¢*!. Nanoemulsions in (c) and (d) are composed of PDMS droplet with D = 50 + 1 nm dispersed
in the continuous phase with P = 0.33. (e¢) G* and G” as a function of the shear strain, y. The
strain at the limit of linearity, yr, is the strain at which G’ and G begin to change with y. The
nanoemulsion used here is composed of PDMS droplet with D = 50 nm and ¢ = 0.30 suspended
in the continuous phase with P = 0.33. (f), y. as a function of ¢, showing a power-law
dependenee OB B e b conssi i Akt ettt St bt e dert Ol arerers. sl it irbereouile 53
Figure 2.5 Effect of droplet diameter, D, on the nanoemulsion properties. Nanoemulsions of
PDMS droplets with a volume fraction ¢ = 0.30 suspended in a continuous phase with PEGMA
with a volume fraction P = 0.33. (a) Linear viscoelasticity (G’: closed symbols, G”: open
symbols) of the nanoemulsion with different D at T = Tge + 25 °C. No gelation was observed
across the experimental temperature window for D > 150 nm. Within the gelation regime (D <
150 nm), stronger gels are obtained for smaller D. Additionally, G” of the gel shows a broad
minimum at moderate angular frequencies, which is reminiscent of glassy dynamics indicating a
transition from o- to B-relaxation. (b) Gelation temperature, Tgel, as a function of D. For smaller
D, a higher temperature is required to induce gelation. (¢) Plateau modulus, Gp, as a function of
D. The inset shows the normalized plateau modulus, GpD?/KT, as a function of normalized
PEGMA depletion length scale, 2Re/D, where Ry is the radius of gyration of PEGMA. The result
shows a power-law behavior with an exponent = -2.2, consistent with predictions of mode-
couplimgitheoryVICIDN LSS e mt b B i L LAl See i otveaiindt Drieells WiEhce a0 Wi 55
Figure 2.6 Gelation is robust across a wide range of component chemistries. Nanoemulsions here
are composed of ¢ = 0.30 PDMS droplets of D = 50 + 1 nm in a continuous phase with P = 0.33.
The total concentration of surfactant is 0.175M. (a) Teel and Gp for various PEG-based oligomers
with different moieties. The end-groups are ordered in decreasing hydrophobicity which results
in a higher Tgel and smaller Gp. For PEG with no end groups, gelation was not observed,
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consistent with our proposed mechanism where the surfactant displacement and the subsequent
decrease in the repulsion are triggered by the dehydration of the functional end-group (Fig 2.2A).
(b) Teer and Gp for various surfactants. Gelation was observed for all ionic surfactants, while no
sol-gel transition was observed for the non-ionic surfactant (Tween 20) across the experimental
temperature window. (¢) Tger and Gp for two different nanoparticles. Gelation occurs for both
liquid PDMS droplets and solid polystyrene (PS, D = 58nm and ¢ = 0.30) colloids. No gelation is
observed with the absence of PEGMA. Additionally, no sol-gel transition was observed for the
aqueous continuous phase, indicating the gelation does not result from the self-assembly or
association of SDS and PEGMA. Inset: Transmittance of a pure PEGMA aqueous solution (P =
0.33) as a function of temperature using UV-Vis spectroscopy at a wavelength = 500 nm......... 57
Figure 3.1 Schematic of the nanoemulsion suspension and the linear viscoelastic moduli (closed:
G’, open: G”) as a function of angular frequency (o) at elevated temperatures. The pH of the
nanoemulsion is 2.5. (A) The schematic of the nanoemulsion suspension. Upon increasing the
temperature, viscoelastic moduli (B) first increase, (C) then decrease, and (D) finally increase

Figure 3.2 Linear viscoelastic moduli (closed: G, open: G”) as a function of temperature at an
angular frequency ® = 25 rad/s from Fig. 3.1 (see Appendix B Fig. B3 with data with error bars).

Figure 3.3 Microstructures of the nanoemulsion (pH = 2.5) at elevated temperatures using
confocal microscopy. The oil droplets are fluorescently labeled using Nile Red. Scale bars =10
1o e (O Ty s O S  TRR RC o M E R P ) T . I Mttt e ea et 68
Figure 3.4 Schematic of the sources of repulsive and attractive interactions in the system. (A)
Repulsive interaction is from the deprotonation of the carboxylic group on the surfactant
molecules absorbed on the nanoemulsion droplets. (B) Attractive interactions are from 1) the
ion-dipole interaction (ion-induced dipole interaction) from the carboxylate groups and PEG
segments on the surfactants, and 2) PEG-PEG association from the PEG segments on laureth-11
FoEr 0y | LT L e L 70
Figure 3.5 Zeta potential () of the nanoemulsion droplets as a function of (A) temperature, T
and (B) pH at T =20 °C. pH was adjusted using NaOH. The pH of the nanoemulsion in (A) is

3.1. The error bars are standard' crrors from. 30 MEGSMIEMENTS, (..o eema e ol 70
Figure 3.6 The strength of the electrostatic repulsion, gelec, as a function of temperature using
reldpotential fepoited iR EIg N3 S AV LI NG S DIl sl L L e A e e 74

Figure 3.7 Effect of pH on the rheological properties of the nanoemulsion using SAOS at a fixed
angular frequency = 25 rad/s. The figure shows (A) storage modulus, G’ and (B) loss modulus,
G as a function of temperature, T, at various pH values. pH was adjusted using NaOH. .......... 76
Figure 3.8 The stability of the nanoemulsion at room temperature as a function of pH by
monitoring the nanoemulsion droplet size over time. pH was adjusted using NaOH. See
Appendix B Fig. B4 for a long-time droplet size monitoring. The error bars are standard errors
iy¢e)snid B3 T Cr ki M atolo | ke S AR SR Bl L S B R L R SRR R B b e e 77
Figure 3.9 Effect of the ionic strength on the rheological properties of the nanoemulsion (pH =
2.5) using SAOS at a fixed angular frequency = 25 rad/s. The figure shows (A) storage modulus,
G’ and (B) loss modulus, G” as a function of temperature, T, with increasing ionic strengths. The
ionic strength was adjusted using NaCl as indicated in the figure. .........ccoooeiiiiniininnnnen 78
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Figure 3.10 Zeta potential ({) of the nanoemulsion droplets as a function of temperature (T) at
elevated ionic strength. lonic strength was adjusted using NaCl. The pH of the nanoemulsion is
3.1. Theerror bars are standard errors from 30 MEASHIEIECIIS. - oo i i hononin it in s 79
Figure 4.1 Schematic of the gelation routes studied in this work. Upper route: thermal gelation
via PEGDA bridging at elevated temperatures. Lower route: sequentially screening of
electrostatic repulsion by adding NaCl and then inducing thermal bridging with PEGDA
Dricloih AR s L ot oo v pva S Ol SemvBwtomn o byl a0 pvng e omd o ol et iond 87
Figure 4.2 Rheological response and the associated microstructures of the nanoemulsion at
elevated temperatures. [NaCl] = 0 M. (A) Linear viscoelastic moduli (closed symbols are storage
moduli G’, open symbols are loss moduli G”) as a function of angular frequency ®. (B) The
microstructure of the assembled nanoemulsions at elevated temperatures. The droplets are
fluorescently labeled using a lipophilic dye and imaged using confocal microscopy. Scale bars =
lD)GENaTE e Imarised [ Seer 0y L vt Rty o, e o oo e et B o Seme TR, SR St i 2l e ) 89
Figure 4.3 Rheological response and the associated microstructures of the nanoemulsion at
various values of added salt [NaCl], at T = 20.0 °C. (A) Linear viscoelastic moduli (closed
symbols are storage moduli G°, open symbols are loss moduli G”) as a function of angular
frequency . (B) The microstructure of the assembled nanoemulsions at various values of added
saltilNaGT] oS cale barsi=s LOomies s sl s b 6750 Uae St 2o Fins ek e lims B ol 50 Sxul et 90
Figure 4.4 Estimates interaction potentials at various [NaCl]of the nanoemulsion at T = 20 °C.
(A) Schematic of the system used for estimating the interaction potentials. A total of four
interactions were considered: screened electrostatic repulsions, depletion by PEGDA, depletion
by SDS micelles, and van der Waals interaction. (B) Contributions to the potential at [NaCl] = 0
M and T = 20 °C from depletion by PEGDA, depletion by SDS micelles, electrostatic repulsion,
and van der Waals (VDW) interaction. (C) Overall interaction potential at various values of
addediNaGIat =20 2 wia st S Sk L m i o S s e AL b 93
Figure 4.5 Microstructures of the nanoemulsion observed after sequentially screening the
electrostatic repulsion, and then inducing PEGDA thermal bridging of droplets. Scale bars = 10
[uiioum Wad LEN SMR] ) el e Auidi ) e e 0 i, o Lone R nem cnnctvpn s e, om e e e 0 Eaedoan. 96
Figure 4.6 Correlation length, Lc, calculated from images in Fig. 5 as a function of [NaCl] for
three different temperatures. Lc of images for [NaCl] <0.03 M at T = 20 °C cannot be
characterized. Error bars are standard errors from 20 images. .......ccceevevueeruiereeerieeieeeeeeeeeseenens 97
Figure 4.7 Linear viscoelastic moduli (closed symbols = G’, open symbols = G”) as a function of
angular frequency, o, of the nanoemulsion after sequentially screening the electrostatic repulsion

via added salt, and then thermally induced bridging of droplet by PEGDA. ..........ccccoeoeiiiiien. 98
Figure 4.8 Storage modulus, G’ (at ® = 10 rad s™"), as a function of [NaCl] for three
temperatures, Data s from Figed T it e i ok bt b ones 99

Figure 5.1(a) Schematic of thermally responsive self-assembly. At rising temperatures, the
hydrophobic groups of PEGDA partition into the oil/water interface and form droplet bridging.
(b) Direct observation of the thermogelling nanoemulsion at T =20 and T = 50 °C. (¢)
Rheological responses of the nanoemulsion through one-step temperature jumping from T = 20.0
°C. The measurement records the moduli right after T reaches the target temperature at an
oscillatory frequency of 20 rad/s. Closed symbols: G’ (elastic modulus). Open symbols: G
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(viscous modulus). (d) Direct visualization of the nanoemulsion microstructures using confocal
microscopy at various times, t, at T =32.5, 40.0 and 50.0 °C. Scale bars = Spum. .........ccon...... 109
Figure 5.2 (a) Representative scattered intensity as a function of the wave vector, q, at T =32.5
°C (t=5 min) and 50.0 °C (t = 20 min) from FFT images. The I-q data is then used to quantify
the correlation lengths, Lc, as shown in (b) correlation length of droplet-rich domains separated
by droplet-poor domains, (¢) correlation length of freely suspended clusters and (d) correlation
length inside the droplet-rich domains. Images (b) to (d) are nanoemulsions at T =32.5°C att =
20 min. (e) Schematic of the hierarchical microstructures formed by the nanoemulsion droplets.
..................................................................................................................................................... 111
Figure 5.3 Temporal elastic modulus, G’, of the nanoemulsion undergoing two-step temperature
jump with (a) to (b) 32.5 to 40.0 °C, (c) to (d) 32.5 to 50.0 °C and (e) to (f) 40.0 to 50.0 °C. (a),
(c) and (e) record the raw measurements. (b), (d) and (f) plot the G’ versus rescaled time.
Rescaled time is equal to t — thold — tramp Where tramp is the time needed for the temperature to
adjust from T to T> (limited by the Peltier plate). Typical values of tramp are 45-55 seconds (see
Appetid Bl g B Or d SRS Y e L oo smmrent et s 115
Figure 5.4 Microstructures of the nanoemulsion processed with a two-step temperature jump
with thold = 2, 5 and 10 min. All images were taken at the end of thermal processing at t =20 min.
The elastic modulus at each condition is listed at the bottom left corner of each image. All scale
071 Rl 11 ottt Lk ot bRt B bod Sl T AT b 4 it Dol s ot 116
Figure 5.5 Temporal decrease in G’ due to the slow relaxation when the nanoemulsion is directly
quenched at T =50.0 °C (blue). Yielding the nanoemulsion can effectively reduce the time
needed to reach the final state (black). The yielding step is performed using LAOS with a strain
=15 % at a frequency = 20 rad/s. Inset plot highlights the thermal processing sample from T =
32.5 to 50.0 °C (which is difficult to notice in Fig. 5.3 due to the scale of the y-axis) can also
prevent the decrease in modulus as processing from T = 40.0 to 50.0 °C. ..o 119
Figure 5.6 G’ versus Lc,1 of one-step and two-step temperature jump thermal processing. Black
dots are from the one-step jump at T =40.0 and 50.0 °C at various time points. Red, green and
blue symbols are the data after two-step jump processing is complete (t = 20 min). Black dashed
line is drawn to guide the eye and denotes the limit set by direct quenching..........c.ccccceoveueeen. 120
Figure 6.1 Thermally-gelling nanoemulsion (P = 0.33, ¢ = 0.15) and its viscoelasticity. (A)
Schematic of the thermally-gelling mechanism. (B) Photographs of the nanoemulsion at T = 25
°C (transparent liquid) and T = 50 °C (turbid gel). (C) Frequency sweep of viscoelastic moduli
from T = 30.0 to 50.0 °C (y = 0.05%) from bulk rheology. Filled symbol = G’; open symbol =

e L T e e e R SRR R i 131
Figure 6.2 Representative 2D images of nanoemulsion microstructures by confocal microscopy
at T=30.0 to 50.0 °C. The red fluorescent regions are the droplet-rich phase and the dark regions
are/the droplet-poor phasel Sealebars = 5 [ i Lo e i eere e mm snradsrhdiecabssbdes s ssnsiacsnss 133
Figure 6.3 Representative confocal images of the nanoemulsion mixed with particle tracking
probes at T = 35.0, 40.0 and 45.0 °C. Upper row: nanoemulsion mixed with carboxylate-
modified polystyrene beads (carboxylate beads); bottom row: nanoemulsion mixed with bare
polystyrene beads (plain beads). Carboxylate beads reside in the droplet-poor phase (dark region)
and plain beads reside in the droplet-rich phase (red fluorescent region). Scale bars = 5 pm. .. 136
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Figure 6.4 Confocal images of 1 pm plain beads embedded in the nanoemulsion with P = 0.33
and ¢ = 0.05 at T = 40.0 °C. Only the part of bead partitioning into the droplet-rich phase is
yellow, while other parts remain green. This images support the hypothesis that the change in
color observed for colloidal probes is correlated with their residence in the droplet-rich phase.

S oale DA I s i i asb i o o o i inciss cosas b sl s S adovais s b assms by 137
Figure 6.5 Representative confocal images to validate that plain beads share the same thermally-
gelling mechanism as the nanoemulsion via PEGDA bridging. N¢ is the averaged coordination
number and N is the averaged size of an aggregate (number of beads). For all carboxylate bead
groups and plain bead groups at T =25 °C, N¢ = Na = 0, indicating beads are well dispersed in
the solution. For the plain bead group at T = 40 °C, N; and N, increase from 0.8440.94 to
1.1£0.91 and from 2.3+0.79 to 2.9+2.0, respectively, as P is increased from 0.05 to 0.33,
indicating that clusters are induced by PEGDA, and that more PEGDA induces stronger

aggregation. Scale bars = 5 um. Error bars = 1 standard deviation. ........cc.cccccceerveninnvinriincnnnns 139
Figure 6.6 Schematic of the postulated correlation between plain polystyrene beads and
hanGemuision dropletel Lo Mg Lot e o et et R e SO e 139

Figure 6.7 Scaled MSD of carboxylate beads of different sizes at rising temperatures. The bead
diameters are (A) 1 um, (B) 1.5 um and (C) 2 um. The logarithmic slope = 1 represents diffusive
probe motion. All carboxylate beads show a similar trend: as the gelation proceeds, the scaled
MSD decreases, and this decrease is progressively larger for larger beads. Inset: MSD att=35s

plotted versus temperatiines.. oo i o e e e U S S e e o3 141
Figure 6.8 Representative spatial and temporal probe trajectories when hopping happens at T =
50.0 °C using 2 um carboxylate beads. Arrows indicate hopping events. .......c.cccoeceeveerverneenne. 143

Figure 6.9 Scaled MSD of plain beads for different sizes at rising temperatures. The diameters
are (A) 1 pm and (B) 2 um. As temperature increases, the scaled MSD decreases and becomes
flat. Both sizes of plain beads are sensitive to the temperature change, suggesting that
measurements of material stiffness are dependent on the correlation between the probes and the
T O L e R e e 144
Figure 6.10 MSD at a lag time of 10s versus T for 1 um carboxylate and plain beads at rising

= 1151 1 e T I 145
Figure 6.11 Comparison of the viscoelastic moduli from bulk rheology and microrheology using
plain beads at frequency ® = 20 rad/s. Filled symbol = G’; open symbol = G”.........cccceoeennee 147
Figure 7.1 3D printing of self-assembled thermoresponsive nanoemulsion inks. A, B) Schematic
of commercially available stereolithographic (SLA) printer with a custom-modified Teflon
window to enhance oxygen permeability. Layer-by-layer SLA printing consists of four steps in
which the desired motif is photocrosslinked, followed by high strain-rate withdrawal and
submersion steps. The process repeats at a z-step size of 100 um. C) Nanoemulsions (yellow)
stabilized by surfactants in the resin tank are heated to induce self-assembly through interdroplet
bridging of PEGDMA gelators (red are dimethacrylate groups). D) 3D honeycomb and woodpile
structured hydrogels formed by using the nanoemulsion inks. E, F) The internal morphologies of
the 3D printed scaffold that is either homogeneous at T < Tgel, or interconnected when T > Tgel.
..................................................................................................................................................... 159
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Figure 7.2 Change in PDMS droplet size as a function of time for various photoinitiator
additives. Error bars represent the polydispersity of the droplets computed from fitting the raw
autocorrelation data from dynamic light scattering with a log-normal distribution. .................. 158
Figure 7.3 Temperature responsiveness of the nanoemulsion inks. A) Temperature ramp
experiments captured at a heating rate of 0.5°C/min (purple) are overlaid with viscoelasticity
data from the linear regime in the stress sweep measurements (squares), fully recovered samples
in the yielding/recovery measurements (circles), and discrete temperature jump experiments
(down triangles). B) Comparison of the values of Tge for samples with (red) and without the
photoinitiator mixtures (blue). Solid symbols represent G' and open symbols represent G". .... 159
Figure 7.4 Rheology of thermoresponsive nanoemulsions. A) Schematic of the motorized build
platform imposing a compressive strain at a known shear rate on the nanoemulsion ink. For our
printing setup, y = 0.98 and y = 1.7 s". B) Stress sweep experiments determines the linear regime
and the yield strain at T = 22°C (black), 30°C (red), 35°C (orange), 40°C (green) and 45°C
(blue). Solid lines guide the eye. C) Repeated large amplitude and small amplitude oscillatory
experiments show that nanoemulsions recover rapidly and reversibly. Dashed lines mark the
boundaries between yielding and recovery steps. The time scales and applied deformations are
chosen to match the print and retraction steps in the 3D printer. Solid symbols represent G' and
open symbols represent G". D) Steady shear rheology show yield stress behavior and shear
thinning over the range of shear rates probed. Solid lines are Herschel-Bulkley fits................. 161
Figure 7.5 Viscosity hysteresis in thermoresponsive nanoemulsions. Steady state viscosity
plotted as a function of shear rate for four upwards (up triangles) and downwards (down
triangles) stress sweep cycles at T = 22°C (red) and 40°C (blue). Dashed line represents
et 153 (o gl o G BV 1 M S e il b B b bt s iy s R L Bk e e e 162
Figure 7.6 Microstructure of 3D printed hydrogels using thermoresponsive nanoemulsions. A)
Representative 2D confocal laser scanning microscopy (CLSM) images of the scaffold internal
microstructure, where fluorescent regions belong to poly(dimethyl siloxane) (PDMS) droplets.
B). Intensity I(q) as a function of the wave vector q, for samples in A) printed at T = 22.0°C
(red), 28.5°C (orange), 31.5°C (green), 34.0°C (blue), 38.0°C (purple) and 39.5°C (brown). C)
Characteristic length scales of the self-assembled PDMS droplets from L¢ = 21t/qm, where qm is
obtained from peaks in I(q). Error bars in B) and C) are standard deviations from 3 independent
measurements within a sample. D) Zoomed out image in the xz-plane of a hydrogel scaffold
printed at T = 34.0°C. Dashed line indicates boundary between two printed layers. Inset: Zoomed
HMnage o he Same S am I L e 163
Figure 7.7 Printed porous hydrogels as size-selective membranes. Representative CLSM images
of mesoporous hydrogel samples in which fluorescent polystyrene beads have been introduced.
Beads of diameters A) 50 nm, B) 200 nm and C) 1.0 um are allowed to diffuse into the
interconnected porous network. Fluorescence here indicates the passage of beads into the sample.
All images are captured at z = 10 um above the bottom of the sample. ..........ccccoceriiiiiinnnne. 164
Figure 7.8 Images of printed hydrogels in three dimensions. A) HRSEM of porous hydrogel
scaffold (T = 34.0°C) in the xz-plane, showing layered structure from SLA printing. Arrows
indicate approximate location of boundaries spaced 100 um apart. B, C) CLSM images of the
same scaffold treated with fluorescent polystyrene beads (2a = 200 nm) in the B) xy-plane and

18



C) xz-plane. The images in B) and C) are captured as an xyz-stack, where the z-dimension is
limited to 24 um because of significant backscatter from the rest of the sample. ..................... 164
Figure 7.9 Mechanical properties of filled and porous hydrogel scaffolds. A) Young's modulus
and B) engineering rupture stress of the filled (solid) and porous (open) as a function of T. Error
bars are standard deviations from 6 independent samples.........ccoceereeriinieniinnieneeneeee e 165
Figure Al 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

= TansPareni) . et Lt L S I S L R e 170
Figure A2 Nanoemulsion droplet size as a function of temperature. The error bars are standard
SfroLs (RO = Y N e h e B e T S e ETIC T e 174

Figure A3 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
e = Opeti Symbo sttt o 6 s 08 e i ok, . o SafS DI, o et e s A oo 173
Figure A4 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 (&) T andib) Gp asra tunenomalfi SIS ]t s b 174
Figure A5 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 independ ent MEASUTEIMEINS e suvssiissisassstessaisisbusiiasaritassbisseanss 175
Figure A6 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. .......cccceveevruecnneene 176
Figure A7 Example of ITC data analysis at T = 45.0 °C. Closed symbols: background-corrected
datasSolidlline: model fitting using Eq, (A7) andi(AR). oo vt st i b it 178
Figure A8 ITC results as a function of temperature. (a) 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
V06T 0 o3 (071 08 et DR 06153 01 oo oo ey bt L0 o b e S e e e s b 179
Figure A9 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
StAtlers o & b S, o ot M 7 s e R S sty e s R S e ko 180
Figure A10 Comparison of the masured zeta potential, &, and the estimated surface potential, Yo,
of the nanoemulsion droplets. (a) Measured & from Fig. AS. (b) Estimated o using Eq. (A9),
(A10) and the values listed in Fig. A8A. The solid lines are drawn to guide the eye. ............... 182
Figure B1 Nanoemulsion (pH = 2.5 at room temperature) stability as a function of concentration
of co-surfactant PEG400. The data shows that a sufficient amount of PEG400 is needed to
StabiliZe the Ao el ST GO e S e e n sani ke tsns vs a8 s SlE e L e ) B o 183
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Figure B2 Size of nanoemulsion droplets as a function of temperature (pH = 2.5). For each
temperature, the nanoemulsion (¢ = 12.5 wt%) was heated to the target temperature for 30 min in
the oven and diluted to ¢ = 0.5 wt% for the DLS measurements. .........ccccceeoueeriiecieennieeniieenenns 184
Figure B3 Linear viscoelastic moduli (closed: G, open: G”) as a function of temperature at an
angular frequency ® = 25 rad/s from Fig. 3.1. The error bars are standard errors from 3
IHdependent treacne =S ee D M as eI TS L e liaDi nens o Ve san b s 184
Figure B4 Nanoemulsion droplet size as a function of pH over a course of several days at room
temperature. The nanoemulsion at pH = 7 phase separate after 48 hours. The pH was adjusted
VLT To T R e ad ot mchehins Lo SN S e 2 08 0 O A A - S A W o, ARG 185
Figure C1 Flow curve of the nanoemulsion with [NaCl] = 0.07 M at T =20.0 °C. ................... 186
Figure C2 Linear viscoelastic moduli (G’: closed symbols, G”: open symbols) of the
nanoemulsion with [NaCl] = 0.07 M at T = 20.0 °C as a function of time. The measurement starts
right after the pre-shear step (rejuvenation). Angular frequency @ = 10 rad s and shear strain y =
O e e 186
Figure C3 Linear viscoelastic moduli (G’: closed symbols, G”: open symbols) of the
nanoemulsion with [NaCl] = 0 M as a function of time at T = 32.5 °C (red) and 50.0 °C (black).
The measurement starts right after the sample reaches the target temperature. Angular frequency
=il 0 tad e SR S A =005 e e e 187
Figure D1 Oil droplet diameter (D) evolution with increasing number of pass (N) through the
homogenization. Inset photos show the appearance of the emulsion with N = 1 (opaque) and N =
J AN pATe D L L e s is s 188
Figure D2 (a) Rheological response of the nanoemulsion with one-step temperature jump. The
plot shows the measurements with initial temperature increasing from T = 20.0 °C to the target
temperature. Closed symbols denote G” and open symbols denote G”. (b) Complete temperature
history during the rheology measurement. (¢) Confocal image of the nanoemulsion at T = 30.0
°C. The image shows the microstructure is composed of freely-suspended clusters and the
rheology at T = 30.0 °C shows liquid-like behavior without increase in viscoelasticity in (a).
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Chapter 1

Introduction

1.1 Motivation

Colloidal gelation is an effective tool to engineer material properties. By properly inducing the
gelation in colloidal suspensions, researchers can rationally modulate the rheological properties of
the materials and create complex microstructures [1]. For example, colloidal suspensions that
undergo gelation can be used as ingredients and rheology modifiers in food or cosmetic products
[2], and the complex assembled microstructures can be used as scaffolds for tissue engineering
[3,4] and porous material design [5]. Therefore, colloidal gels have been of great interest in both

fundamental studies and practical applications.

Among a diverse set of colloidal systems, nanoemulsions, liquid-liquid dispersions where the
droplet size is ~ 100 nm, have become an emerging model system studying aspects of colloid-
based materials [6]. Their nanoscale droplet size leads to remarkable stability, large interfacial area
and optical transparency, which have been utilized for various functional materials [7].
Additionally, due to their flexibility in the formulation, interdroplet interactions are easily tuned,
making nanoemulsions a powerful model system to study aspects of soft matter physics such as

self-assembly, gelation and suspension rheology [8].

In conventional approaches, the self-assembly and gelation of nanoemulsions rely on the addition
of another component into the suspensions. For example, strategies such as introducing depletion
interaction via the addition of the depletants [9] and screening electrostatic repulsions via the
addition of electrolytes [10] have been widely exploited in the literature. However, such strategies
require adding or removing another component, which can be challenging for material processing
and manipulation and the study of colloidal gel physics. Moreover, to make nanoemulsions a more
versatile material, it is also desirable to develop nanoemulsion systems that respond to external
stimuli. Therefore, a simple external stimulus like temperature that can induce gelation of the

nanoemulsion is highly desired.
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1.2 Colloidal gels

A colloidal gel is a semi-solid system composed of a percolated, network-like structure of a
dispersed phase within a continuous carrier fluid [11]. Colloids can be either solids such as
polystyrene [12], silica [13] or poly(methyl methacrylate) [14], or liquids such as oils (i.e.
emulsions) [15]. For colloidal gels, the colloidal loading can be as low as 0.1 % [8]. Despite such
low loading, the structural integrity provided by the assembled spanning gel network gives rise to

mechanical properties such as viscoelasticity and yield stress.

The concept of inducing colloidal self-assembly and gelation is quite straightforward: it is
governed by the competition between attractive and repulsive interactions between colloids, as
shown in Fig. 1.1. For a given common colloidal suspension with a canonical formulation, there
must be attractions and repulsions. Under the condition of colloidal stability, the repulsion is
greater than the attraction, and colloids homogeneous disperse in the system without self-assembly.
On the other hand, if the attraction can overcome the repulsion, the colloids can undergo self-
assembly and even gelation if the effective attraction is strong enough. Moreover, if the change of
dominance is subjected to external stimuli (such as temperature), the gelation can be stimuli-

responsive (such as thermally-responsive).

stimulus

repulsion > attraction attraction > repulsion

Figure 1.1 Colloidal self-assembly and gelation are governed by the competition between attractive and
repulsive interactions.

As described, the colloidal gelation is the result of the competition between attractive and repulsive
interactions. Gelation can take place when the attractions overcome repulsions. Therefore, to
induce gelation, one can either increase the attractions or decrease the repulsions in the suspensions.
Common strategies to trigger colloidal gelation are summarized in Fig. 1.2. To date in the literature,
increasing attraction between colloids is still the major approach to induce self-assembly and

gelation. Approaches including electrostatic attraction [4], dipole-dipole interaction [16], depletion

25



interaction [17], association between grafted polymers [18], photo-polymerization [19], DNA
hybridization [20], polymer bridging [21] and hydrogen bond/metal-ion coordination [19] have
been applied. On the other hand, despite much fewer studies that have been done, inducing
colloidal gelation can be achieved by modulating (suppressing) repulsions. For example, if the
colloids are charged stabilized, one can trigger the gelation by screening the electrostatic repulsion
via the addition of electrolytes to the suspension [22]. On the other hand, if the charged species
grafted on the colloids have an intermediate isoelectric point, one can control the charged state,

and hence the electrostatic repulsion, of the colloids by changing the pH of the system [23].

Attraction Repulsion
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Figure 1.2 Common strategies for triggering colloidal self-assembly and gelation. (A) Electrostatic
attraction [4,24]. (B) Dipolar interaction. (C) Depletion interaction. (D) Polymer association. (E) Photo-
polymerization [19]. (F) DNA hybridization [20]. (G) Polymer bridging. (H) hydrogen bond/metal-ion
coordination [19]. (I) Screening of electrostatic repulsion. (J) Electrostatic repulsion [23].

1.3 Nanoemulsions
Nanoemulsions are kinetically stable liquid-liquid dispersions where the droplet size is on the order
of 100 nm [6]. A typical nanoemulsion is composed of two immiscible liquids (such as oil and

water) and emulsifiers [7]. One of the commonly-used emulsifiers is surfactants. Surfactants are
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amphiphilic molecules that are often pictured as molecules containing ionic heads and
hydrophobic tails. The addition of surfactants significantly reduces the interfacial tensions between
the two immiscible liquids, and further stabilized the resulting emulsion droplets by providing

steric or electrostatic hindrance depends on the types of the surfactants that are used.

Because of the nano-sized droplet size, nanoemulsions have remarkable stability, large interfacial
area and optical transparency, which have made nanoemulsions a versatile material not only for
fundamental research [25] but also practical applications such as in cosmetics [26,27], food [28],
pharmaceuticals [29] and sensors [30]. Moreover, due to their flexibility in the formulation,
interdroplet interactions are easily tuned, making nanoemulsions a powerful model system to study
aspects of soft matter physics such as self-assembly, gelation and suspension rheology [8]. Among
all these topics, nanoemulsions that undergo gelation are of great interest due to their versatility in
diverse fields. For fundamental studies, gelling nanoemulsions can be used as a model colloidal
gel system to study the rheology-structure relationship under a large shear [31] or to investigate
the dynamics during colloidal gelation [32]. On the other hand, gelling nanoemulsions can also be
used in practical uses such as membranes [33] and skincare products [9]. Therefore, the design and

the study of gelling nanoemulsion are of importance.

1.3.1 Synthesis

When designing the assembling and gelling nanoemulsions, the first step is to choose the
appropriate approach to synthesize the nanoemulsions based on the formulations. This section
summarizes the nanoemulsion synthesis approaches and their underlying mechanisms that have

been widely used in the literature and industry.

To synthesize nanoemulsions from the separated phases, the energy required AG during the

emulsification is considered as,
AG = yAA — TAS (1.1)

where y is the interfacial tension (or the energy required to form the interface per surface area),
AA is the change in the interface area, T is the absolute temperature and AS is the increase in
entropy due to the increase in the possible arrangement from the bulk separated phases to dispersed

droplets. For nanoemulsions, the yAA term is dominant [28]. Therefore, energy input > yAA is
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required during the emulsification process. Depending on the energy input, there are two primary

approaches to produce nanoemulsions: high-energy methods and low-energy methods.

1.3.1.1 High-energy methods

High-energy methods use intensive mechanical force to overcome the surface energy. By applying
mechanical force with power density = 10% to 10'° W/m?, the mechanical energy is converted to
the turbulent flow in the continuous phase and subsequently transformed into stresses on the
droplets of the dispersed phase [34]. The stresses break down the larger droplets into smaller
droplets and eventually the nanoemulsions can be obtained [7]. In the high-energy methods, a two-
step synthesis is often used [6]. As shown in Fig. 1.3A, in the first step a pre-emulsion
(macroemulsion) is prepared by simply mixing the continuous phase, surfactants and dispersed
phase under a gentle stirring such as magnetic stirrer with a sufficient period of time. The
preparation of pre-emulsions ensures the consistency of the initial condition of the emulsions being
processed into the nanoemulsions and facilitates the synthesis. In the second step, the pre-emulsion
is processed into the nanoemulsion with high-energy input. The two most widely used approaches

are high-pressure homogenization (Fig. 1.3B) and ultrasonication (Fig. 1.3C).

A &
. high-pressure
homogenization == =
ultrasonication =
B

compression

pressure

expansion

T X IT p

homogenized product

Figure 1.3 Schematic of the nanoemulsion synthesis using high-energy methods. (A) Preparation of pre-
emulsion.  (B)  High-pressure =~ homogenization  (the  schematic is  adapted  from
https://www.substech.com/dokuwiki/). (C) Ultrasonication (the schematic is adapted from
https://ultrawaves.de/technology/ultrasonic-disintegration).
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In high-pressure homogenization, a homogenizing valve is used to pressurize the sample and
forces the sample to flow through a very narrow gap with a spacing of several micrometers. During
the homogenization, turbulent flow is created in the continuous phase which leads to strong shear
and elongation stresses on the emulsion droplets. The droplets are therefore ruptured and broken
down into smaller droplets. A similar mechanism is used in the ultrasonication but the turbulence
is induced by the acoustic wave. In the ultrasonication, the high-intensity periodic acoustic wave
induces implosions in the continuous phase due to cavitation. The implosion leads to the strong

turbulence and therefore the droplets are ruptured [34,35].

Despite the intensive energy input and the instrumental requirements, the high-energy approaches
have many advantages. For example, since the energy input is from external mechanical forces,
the high-energy methods are relatively insensitive to the component physicochemical properties
thus they allow greater flexibility to the nanoemulsion formulations, as compared to low-energy
methods. Moreover, due to such insensitivity, nanoemulsions with droplet volume fraction up to
60% can be achieved [25]. Last but not least, various nanoemulsion droplet sizes with reasonable
polydispersity and high-volume throughput can be easily obtained by controlling the number of
passes and homogenizing pressure (for high-pressure homogenizer), or the ultrasonication time

and wave amplitude (for ultrasonication) [34,35].

1.3.1.2 Low-energy methods

In low-energy methods, the system experiences an ultra-low interfacial tension (~ 10 to 10 N/m)
at the phase inversion point [6]. The phase inversion point takes place during the synthesis process
while the system is traversing the phase diagram, as shown in Fig 1.4. The phase inversion point
can be obtained through either changes in composition (known as Phase Inversion Composition,

PIC, Fig. 1.4 A) or in temperature (known as Phase Inversion Temperature, PIT, Fig. 1.4B).
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Figure 1.4 Schematic of the nanoemulsion synthesis using low-energy methods. (A) Phase Inversion
Composition, PIC, method. (B) Phase Inversion Temperature, PIT, method. The schematic is adapted from
figures in [28,36,37)].

In PIC methods, the continuous phase is added dropwise into the homogeneous mixture composed
of the dispersed phase and surfactants under stirring. As more continuous phase is added, the
system reaches the phase inversion point at which the bicontinuous microemulsion or the liquid
crystalline phase are formed due to the very low interfacial tension [28,37]. As more continuous
phase is added, the bicontinuous microemulsion or the liquid crystalline phase are broken down
into nano-sized droplets of the dispersed phase under the stirring, and the nanoemulsion is obtained.
The same principle holds in the PIT method where the difference lies in the path to achieving the
phase inversion point. As shown in Fig. 1.4, the phase inversion point is achieved through
controlling the temperature of the mixture composed of the continuous phase, dispersed phase and
surfactants. Using oil-in-water (O/W) nanoemulsion synthesis as an example, at the lower

temperature, the surfactants are more hydrophilic and reside in the water (continuous) phase. As
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the temperature increased, the surfactants become more lipophilic and migrate to the oil (dispersed)
phase. At the phase inversion point, the hydrophilicity and lipophilicity reach a balance at which
the surfactants evenly distribute in both phases, and the bicontinuous microemulsion or the liquid
crystalline phase are formed. The subsequent cooling makes the surfactants more hydrophilic again
and therefore the O/W nanoemulsion is formed. In PIT method, good control of temperature is
critical. For example, if cooling speeds are not fast enough, the coalescence of droplets takes place

[38], which may lead to the instability of the nanoemulsion suspension.

As can be expected, in the low-energy methods, the nanoemulsion synthesis is highly sensitive to
the choice of the surfactants. One important and widely-used parameter is the hydrophilic-
lipophilic balance (HLB) of the surfactants. In general, low HLB values (= 1 to 10) correspond to
lipophilic surfactants and W/O nanoemulsions are favored. On the other hand, high HLB values
(>10) corresponds to hydrophilic surfactants and O/W nanoemulsions are favored [39,40]. The
manipulation of HLB values is commonly achieved by mixing two types of surfactants with
different HLB values. Another important parameter associated with the amount of the surfactants
is the surfactant-to-emulsion ratio (SER). For O/W nanoemulsions, it is also known as surfactant-
to-oil ratio (SOR). It has been reported that droplet sizes are highly dependent on SER values
[36,41-43]. One should note that HLB and SER are not the only important parameters for the
nanoemulsion formation in low-energy methods. Other parameters such as temperature, stirring
speed, rate of the continuous phase addition and packing parameter of surfactants on droplets are

also critical to the nanoemulsion synthesis [28].

In low-energy methods, it is critical to understand the physicochemical properties of the surfactants
and how the surfactants partition between the continuous and dispersed phases. Depending on the
types of nanoemulsions, surfactants must be carefully chosen. Therefore, compared to the high-
energy methods, there are more limitations in the nanoemulsion formulations. However, the low-
energy methods are preferred in industrial processes since only simple mechanical stirring is
required, and PIC is often more favorable than PIT because good control of temperature is
challenging. Moreover, since specialized equipment is not required, the production of

nanoemulsion can be more easily scaled up.
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1.3.2 Strategies for nanoemulsion gelation
As described in Section 1.3, there has been great interest in the design and the study of gelling
nanoemulsions. This section briefly summarizes common strategies, shown in Fig. 1.5, that have

been applied to induce the self-assembly and gelation of nanoemulsions (as well as sub-micron

emulsions).
A Depletion interaction B Polymer bridging C Polymer-surfactant complex
o @ ™ &
9 :
@ | ; '
9 .
* L %o 0
depletant
D Grafted polymer interaction E Screening of electrostatic repulsion

& S8

Figure 1.5 Common strategies to induce nanoemulsion gelation: (A) Depletion interaction, (B) polymer
bridging, (C) polymer-surfactant complex, (D) grafted polymer association, (E) screening of electrostatic
repulsion, and (F) jamming.

1.3.2.1 Depletion interaction

Depletion interaction is an entropically-driven attractive interaction that takes place when colloids
are suspended in the continuous phase containing non-adsorbing molecules [17]. These non-
adsorbing molecules, called depletants, are excluded from the vicinity of the colloids and therefore
provide an osmotic pressure to the colloids, as shown in Fig. 1.5A. This osmotic pressure acts as
an effective attractive force between the colloids, leading to the self-assembly and ultimately the
gelation of the system. The strength of the depletion and the effective length scale are then
determined by the concentration and the size of the depletants, respectively. For nanoemulsion
systems, the depletants can be surfactant micelles [44-53], non-adsorbing polymers [54-56] or

even smaller droplets [57].
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1.3.2.2 Polymer bridging

Contrary to the depletion interaction where the added molecules are excluded from the
nanoemulsion droplets, gelation via polymer bridging relies on the association between the
molecules and the droplets. Recently, the Doyle group has designed a nanoemulsion gelation
mechanism in which the droplets can be bridged by adding telechelic oligomers into the suspension
[21]. Moreover, the droplet bridging (and hence the gelation) is triggered by an increase in
temperature. In the canonical formulation, the nanoemulsion is composed of nano-sized
polydimethylsiloxane (PDMS) droplets stabilized by sodium dodecyl sulfate (SDS) suspended in
an aqueous continuous phase containing poly(ethylene glycol) diacrylate (PEGDA). As the
temperature increased, the acrylate group on PEGDA becomes increasingly hydrophobic and
partitions into the oil/water interface. Such partitioning leads to the droplet bridging which acts as
an effective attraction that ultimately gives rise to gelation. It has been shown that the gelling

mechanism also takes place over a wide of component chemistries and compositions.

1.3.2.3 Polymer surfactant complex

The droplet bridging can be also achieved by the polymer-surfactant complex where the bridging
is mediated by surfactant micelles in the continuous phase. The surfactant micelles are usually
from the excess of the surfactants that are used to stabilize the nanoemulsion droplets. The
schematic is shown in Fig. 1.5C. In this mechanism, the polymers are uncharged molecules
containing polar moieties such as poly(ethylene glycol) or poly(vinyl alcohol), and the surfactants
are ionic surfactants such as SDS or cetyltrimethylammonium bromide [58—60]. The interaction
responsible for the formation of the complex is from the ion-dipole interaction (ion-induced dipole
interaction) in which the charged head of the ionic surfactant associates with the polar segments
on the uncharged polymers. The ion-dipole interaction has been extensively studied in the
literature [61]. Experimental techniques including rheometry [62], neutron scattering [63],
isothermal titration calorimetry [64,65], NMR [65] and potentiometric titration [66], as well as

thermodynamic models [67] and simulations [68].

In addition to the bridging of droplets, polymer surfactant complex can also lead to an increase in

the effective volume fraction of the droplet, and the gelation can be induced through jamming
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[69,70]. In this scenario, the complex does not bridge the droplet. Instead, a think adsorbed layer

outside the droplet is formed. The gelation through jamming will be discussed in Section 1.3.2.6.

1.3.2.4 Grafted polymer interaction

In addition to the bridging of droplets mediated by free molecules in the continuous phase, self-
assembly and gelation can also be achieved by the direct association or chemical bonding between
the molecules adsorbed on the droplets. The mechanism is shown in Fig. 1.5D where the
association provided by the grafted molecules makes the droplets “sticky” and leads to an effective
attraction. Strategies using polymerization of proteins via sulfthydryl—disulfide interchange [71]

and DNA hybridization [72—74] have been performed.

1.3.2.5 Screening of electrostatic repulsion

In addition to enhancing the attractive interaction between the droplets, gelation of nanoemulsions
can also be induced by suppressing repulsions. Perhaps the most widely seen approach is the
screening of electrostatic repulsion by adding the electrolytes into charged-stabilized
nanoemulsion suspensions. This is also a classic phenomenon that can be well-described by
Deryaguin-Landau-Verwey-Overbeek (DLVO) theory [22,75]. The addition of electrolytes
reduces the effective length scale of the electrostatic repulsion (i.e. Debye length), leading to the
emergence of a secondary minimum in the interactive potential and eventually inducing the

gelation [15,22,76-81].

1.3.2.6 Repulsive jamming and pure jamming

Overall, the aforementioned mechanisms describe that gelation can be effectively induced by
either enhancing the attractions or suppressing the repulsions between droplets. However,
modulating interactive potentials is not the only way to trigger the nanoemulsion gelation. Such
method, so-called repulsive gelation [52], is through the increase of effective oil volume fraction
in emulsion systems [8,25]. The effective oil volume fraction (¢e) is calculated by considering the
actual oil volume fraction (¢.) and the excluded volume resulted from either the repulsive charge

cloud that extends from the oil/water interface (i.e. Debye length) or the steric hindrance provided
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by the bulky emulsifiers [6,7], and ¢ = ¢a(1 + L/a)’ where a is the droplet radius and L is the
Debye length or the steric length scale provided by the bulky emulsifiers. When ¢e is greater than
the maximum random jamming limit, a viscoelastic nanoemulsion gel is obtained. Therefore, the
increase in ¢. can be achieved by either decreasing the droplet size [7,8,15,25] or using bulkier

emulsifier molecules such as proteins [82,83], copolymers [84,85] and particles [86].

1.4 Rheology

One of the most common ways to characterize properties of colloidal gels is to study their rheology.
Rheology is a study of how complex fluids deform under stress [87], where a complex fluid is
defined as a material composed of a liquid base and its supramolecular structure. Common
complex fluids include suspensions [88], emulsions [89.90], colloidal gels [91,92] and polymer
solutions [93]. When a complex fluid is strained, the microstructure simultaneously stores and
dissipates the deformation energy, giving rise to rheological properties such as compliance and
viscoelasticity. To study the (bulk) rheology of the material, geometries such as parallel plates,
cone-and-plate, coaxial cylinders and capillary flow are widely used [2]. Among all these available
approaches, in this thesis, parallel plates and cone-and-plate rheometry (Fig. 1.6) are heavily used.
As shown, for the rheological measurement to proceed, the material is subjected between the upper
plate (or cone) and the lower plate. The lower plate is often a Peltier plate to control the temperature
of the sample. Then, an oscillatory shear is applied to the material by the upper geometry. The
rheometer measures the response and properties such as viscoelastic moduli and yield stresses can

be obtained.

=
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Figure 1.6 (A) Parallel plates. (B) Cone-and-plate. The top fixtures (gray parts) are rotated to induce shear
strains in frequency-dependent manner.
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Contrary to Newtonian fluids where the shear stress is always proportional to the shear rate when
the fluid is deformed, complex fluids exhibit diverse behaviors deviating from this linear relation
[94]. Properties of complex fluid include shear-thinning (viscosity decreases when shear rate
increases), shear-thickening (viscosity increases when shear rate increases), yield stress (stress
threshold that a material transforms from a liquid-like state to a solid-like state), and viscoelasticity
(a material simultaneously exhibits viscous and elastic characteristics). In this thesis, the
viscoelastic moduli are of great interest due to their ability to characterize diverse properties of

gelling nanoemulsions such as the critical gelation points, gel dynamics and gel strengths.

Viscoelastic moduli (in the linear regime) are measured using small-amplitude oscillatory shear
(SAOS) applied by either parallel plates or cone-and-plate rtheometry. Assuming the material is
now subjected to a shear strain, y, with an amplitude, y,, in a sinusoidal manner with oscillatory

frequency, w. The time-dependent shear strain can be expressed as

Yy = y,sin(wt) (12)

where t is the time. The rheometer then measures a corresponding shear stress, o. y and ¢ can be

related by the following equation

=Y (1.3)

where 7 is viscosity and y is shear rate by taking time-derivative on y. In Eq. (1.2) and Eq. (1.3),
since the strain is first controlled and the corresponding stress is recorded, the above rheometer
measurement is called ‘strain-controlled’, on the other hand, a ‘stress-controlled” can be obtained

vice versa.

If Eq. (1.3) is valid and n remains constant at any given frequency, the fluid is Newtonian (Fig.
1.7A). However, this straightforward equality is not valid for complex fluids. Considering a strain
is applied and y,, is small enough (i.e. SAOS) that the linear regime of viscoelastic moduli can be
measured, by applying a shear rate in Eq.(1.2), the corresponding shear stress can be obtained as
followed [95].

o = g, sin(wt + &) (1.4)

where the output stress can be also expressed in a sinusoidal manner but with a phase shift, §. If &

is zero, the material is an elastic solid obeying Hooke’s law (immediate response between shear
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stress and shear rate); and if § is n/2, the material is a simple Newtonian fluid. The linear relation
between o (t) and y(t) can be generalized as 0 = Gy and expanded in terms of trigonometric

identities as followed,
a(t) =y,[G' sin(wt) + G" cos(wt)] (1.5)
sin(wt + &) = cosé sin(wt) + sind cos(wt). (1.6)

And two quantities are defined,

’ _GO " Op .,
()= y—cosﬁ G (w) =——5In0 (1.7)

o [¢]

where G'(w) is called storage modulus (elastically, store deformation energy) and G"(w) is called
loss modulus (viscously, dissipate deformation energy). One example of the viscoelastic moduli

of a concentrated emulsion is shown in Fig. 1.7B.

In addition to SAOS measurements in a linear manner, rheological properties in the nonlinear
regime can be measured by applying a large-amplitude oscillatory shear (LAOS). In LAOS
measurements, yield stresses are often of interest [96]. Yield stress is a threshold that a material
transforms from a solid-like to a liquid-like state. By gradual increasing o applied to the sample,

yield stress g, can be obtained by observing the sudden decrease of the moduli. An example of

the yield stress measurement of nanoemulsion gels is shown in Fig. 1.7C.
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Figure 1.7 (A) Comparison between Newtonian and non-Newtonian fluids (shear-thinning and shear-
thickening fluid). (B) G’ and G” of a concentrated emulsion [97]. (C) Yield stress of a nanoemulsion gel
[98].

1.5 Thesis organization

The following chapters of this thesis can be generally divided into two parts. Chapters 2 to 4
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describe the design of gelling nanoemulsions with controllable material properties by
understanding the gelation mechanism at a molecular scale. Chapters 5 to 7 describe how the
gelling nanoemulsions can be used for both fundamental studies (Chapter 5 and 6) and practical

applications (Chapter 7). Specifically,

e Chapter 2 describes a new colloidal gelling platform in which the repulsive interaction is
modulated to induce the gelation. By understanding the molecular behavior of the
constituents, the gelling platform can apply to a wide range of colloidal formulations.

e Chapter 3 describes a design of thermally and pH-responsive nanoemulsion gelation, and
studies the gel properties by modulating both attractive and repulsive interactions through
changes in temperature and pH.

e Chapter 4 revisits the thermally-gelling nanoemulsion that Doyle group designed and
investigates the previously-overlooked interactions. Two-stage gelation is applied by
sequentially tuning different inter-droplet interactions and a new gel state is achieved.

e Chapter 5 takes advantage of the thermally-gelling behavior and investigates the effect of
processing history on the material properties of colloidal gels. New experimental evidence
of path-dependent rheology and associated microstructures of a model colloidal gel is
provided.

e Chapter 6 performs multiple particle tracking to probe the nanoemulsion gels. By tailoring
the surface chemistry of the probe beads, the transportation modes of particles and the gel
strength at different length scale are obtained.

e Chapter 7 combines the assembled nanoemulsion gel network with 3D printing to fabricate
hierarchically structured hydrogels. The droplet self-assembly provides various internal
structures, and the printing process shapes the hydrogel geometry.

e Chapter 8 summarizes the conclusions from Chapters 2 to 7 and discusses the outlook for

future works.
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Chapter 2

Colloidal Gelation through Thermally Triggered Surfactant
Displacement

2.1 Overview

Colloidal systems that undergo gelation attract much attention in both fundamental studies and
practical applications. Rational tuning of interparticle interactions allows researchers to precisely
engineer colloidal material properties and microstructures. In this chapter, contrary to the
traditional approaches where modulating attractive interactions is the major focus, we present a
platform wherein colloidal gelation is controlled by tuning repulsive interactions. By including
amphiphilic oligomers in colloidal suspensions, the ionic surfactants on the colloids are replaced
by the nonionic oligomer surfactants at elevated temperatures, leading to a decrease in electrostatic
repulsion. The mechanism is examined by carefully characterizing the colloids, and subsequently
allowing the construction of interparticle potentials to capture the material behaviors. With the
thermally-triggered surfactant displacement, the dispersion assembles into a macroporous
viscoelastic network, and the gelling mechanism is robust over a wide range of compositions,
colloid sizes and component chemistries. This stimulus-responsive gelation platform is general

and offers new strategies to engineer complex viscoelastic soft materials.

This chapter has been adapted with permission from L. -C. Cheng, Z. M. Sherman, J. W. Swan
and P. S. Doyle “Colloidal Gelation through Thermally Triggered Surfactant Displacement”
Langmuir 2019, 35, 9464-9473. Copyright 2019 American Chemical Society.

2.2 Introduction

Colloidal suspensions that undergo gelation are widely used as scaffolds in tissue engineering [4],
as carriers in drug delivery [24], as ingredients and products in the food industry [99,100] and as
building blocks in porous material design [101]. In particular, colloidal gelation triggered by

increasing temperatures has been used in various applications such as complex material design,
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tissue engineering and drug delivery. For example, our group has previously demonstrated
thermally-induced gelation as a bottom-up strategy for hierarchical hydrogel synthesis via 3D-
printing [33]. Moreover, thermally-gelling colloidal suspensions are also useful for biomedical and
pharmaceutical applications. At room temperature, the liquid-like behavior makes the suspension
easily injectable. While at the body temperature (after injection), the colloidal self-assembly gives
rise to in-situ gelation which has been utilized as scaffolds for cell culture [3] and site-specific

controlled drug delivery [102].

Tuning inter-colloid interactions allows one to engineer macroscopic material properties and
internal microstructures [1]. In conventional approaches, self-assembly and gelation are driven by
manipulating attractions such as electrostatic attraction [4], depletion [100,103,104], polymer
bridging [33,105] and dipole-dipole interaction [16,106]. On the other hand, modulating the
repulsions between colloidal particles has been investigated [18,75,107] much less than
manipulating attractions [4,16,33,100,103-106] as a means to drive self-assembly. One example
is controlling steric repulsions to induce flocculation in dispersions of nanoparticles with grafted
polymer brushes by changing the solvent quality with temperature [18,107]. Upon decreasing the
temperature, stabilizing polymer brushes collapse, which leads to a decrease in the steric repulsion
and an increase in affinity between polymers. Therefore, changes in interparticle repulsions are
coupled to changes in attractions, making it difficult to independently control the attraction and
the repulsion, and the analyses have primarily focused on the effective attraction by lumping the
two interactions. Another classic example is inducing gelation by screening the electrostatic
repulsion between like-charged colloids using electrolytes [75]. Adding electrolytes reduces the
range of the repulsion, resulting in aggregation due to van der Waals or other attractions. However,
this method to modulate interactions requires adding or removing salts, which can be challenging
for material processing and manipulation. Therefore, a simple external stimulus like temperature

that can modulate the interactions is highly desired.

In this chapter, we report a stimulus-responsive gelling platform where interparticle interactions
are modulated through a thermally-responsive electrostatic repulsion. By including nonionic
thermally-responsive oligomer surfactants in colloidal suspensions that are charge-stabilized by
ionic surfactants, the ionic surfactants on the colloids are displaced by the nonionic oligomers at

elevated temperatures. Such thermally-triggered surfactant displacement results in the decrease in
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colloidal repulsion, and hence induces the colloidal self-assembly, which is contrary to most prior
studies wherein the modulation of attractive interactions has been the major focus. Our system
shows rich phase behaviors and mechanical properties. We demonstrate that this gelation platform
is general and robust over a wide range of composition, colloid size and component chemistry. By
carefully characterizing the colloids and obtaining a mechanistic understanding of their response,
we construct the interparticle potential and explain trends in material behaviors. We also show that
our gelling system is in good agreement with well-established theories in the literature and

therefore can be predictably extended to other systems.

2.3 Materials and methods

2.3.1 Materials

Polydimethylsiloxane (PDMS, viscosity = 5 ¢St), sodium dodecyl sulfate (SDS), sodium
dodecylbenzenesulfonate (SDBS), cetrimonium bromide (CTAB), Tween 20, poly(ethylene
glycol) methacrylate (PEGMA, M, = 360 g mol ™), poly(ethylene glycol) methyl ether (PEGME,
M, =~ 350 g mol ™), poly(ethylene glycol) (PEG, My = 300 g mol™) and Nile Red were purchased
from Sigma Aldrich. Poly(ethylene glycol) acrylate (PEGA, M, = 400 g mol') was purchased
from Monomer-Polymer & Dajac Labs. Unmodified latex polystyrene (PS) nanoparticles with
particle diameter D = 58 nm (aqueous suspension with the concentration of 10% w/v) was
purchased from Magsphere Inc., and the water was removed by placing the solution in an oven at

T =50 °C. All chemicals were used without further purification.

2.3.2 Nanoemulsion synthesis

The oil-in-water nanoemulsions studied in this work contained PDMS droplets (with diameter D
and volume fraction ¢) suspended in an aqueous continuous phase of oligomers (with volume
fractions P) and surfactants. The total concentration of surfactant was 0.175 M. The canonical
system was composed of oil droplets (D = 50 nm and ¢ = 0.30) suspended in the continuous phase
containing SDS and PEGMA with P = 0.33. To synthesize the nanoemulsion, a pre-emulsion was
first prepared by adding PDMS to a pre-mixed continuous phase and agitating with magnetic

stirring at a speed of 600 rpm for 15 minutes to ensure there was no visually-observed bulk phase
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separation. The pre-mixed continuous phase consisted of deionized water, surfactants at a
concentration of 0.175 M and oligomers with P. The pre-emulsion was passed through a high-
pressure homogenizer (EmulsiFlex-C3, Avestin) at a homogenizing pressure of 18 kpsi to form
the nanoemulsion. The homogenization was conducted for various numbers of passes, N,
depending on the target droplet size (Appendix Al). For example, N = 12 for the canonical
nanoemulsion with D = 50 nm. A heat exchanger was used at the outlet of the homogenizer with
4 °C water circulating, and the emulsion was subsequently cooled to 4 °C in the refrigerator
between each pass to prevent thermally-induced gelation and oligomer adsorption during the
homogenization. The droplet size and the polydispersity were measured using dynamic light
scattering (90Plus PALS, Brookhaven Instruments) after diluting the sample to ¢ = 0.002. All

nanoemulsions have a size polydispersity of 0.22 £ 0.02 in this chapter.

2.3.3 Rheological characterization

All rheological properties were measured by using a stress-controlled rheometer (DHR-3, TA
instrument) equipped with a 1° 60 mm aluminum upper-cone and a temperature-controlled Peltier
lower-plate. To minimize evaporation, a deionized water-wetted solvent trap was used, and a few
drops of deionized water were added on top of the aluminum cone. For each measurement, a pre-
shear step was performed by applying a constant rotation at a speed of 10 rad/s for 30 seconds, and
the measurement started after a 60-second period where the nanoemulsion remained quiescent at
20.0 °C. Freshly loaded nanoemulsion was used for each measurement to avoid the effect of

thermal history [105].

Small-amplitude oscillatory shear (SAOS) at a shear strain y = 0.05% was performed to conduct
the frequency-sweep measurements and temperature-jump experiments. The frequency-sweep
measurements at various temperatures, T, were conducted with angular frequency © = 1 to 200 rad
s'! and the dynamic linear viscoelasticity was obtained. Before each measurement, the temperature
was kept at T for 10 minutes in order to reach the quasi-equilibrium (Appendix A2). For the
nanoemulsion with P = 0.33 and ¢ = 0.10, y = 0.03% was applied to stay in the linear regime.
Temperature-jump experiments were performed by a three-stage time-sweep SAOS measurement
at T =20 or 55 °C with ® = 20 rad s' The measurements started with T = 20 °C for 5 minutes,

and the temperature was jumped to 55 °C for 10 minutes. The temperature was either maintained
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at 55 °C or decreased to 20 °C in the third stage. Different yield stresses were performed at the

beginning of the third stage for one minute (see Appendix A2 for more details).

Large-amplitude oscillatory shear (LAOS) was performed to determine the strain at the limit of
linearity, yr. Before the measurement, the nanoemulsion was kept at T = Tge1 + 25 °C for 10 minutes.
LAOS was then carried out over a range of shear strain y = 0.001 to 5% at an angular frequency
of 20 rad s yi. is then defined as the shear strain where the viscoelastic moduli start to deviate
from the linear region. Following the method by Shih et al. [108], yi is experimentally chosen as

the point where G’ deviates more than 5% from the plateau in the linear regime.

2.3.4 Isothermal titration calorimetry (ITC)

ITC measurements were performed using a TA Instrument Nano ITC calorimetry. The
experimental procedure and the data analysis followed a methodology similar to the work studying
the adsorption of proteins onto nanoparticles [109] (see Appendix A3 for more data analysis
details). Before each measurement, the reference cell was filled with fresh aqueous SDS solution
at a concentration of 5.3 mM, and the sample cell was filled with the fresh nanoemulsion with ¢ =
0.001 suspended in an aqueous continuous phase containing free SDS at a concentration of 5.3
mM. The SDS concentration was chosen to be well below the critical micelle concentrations across
the experimental temperature window [110]. During the measurement, 25 injections of 10 pL
PEGMA aqueous solution (P = 0.00748 and [SDS] = 5.3mM) were titrated from a syringe into the
sample cell with a continuous stirring at a speed of 200 rpm. Each injection was separated with a
300-second interval to ensure equilibrium was reached (Appendix A3). The blank tests were
conducted by titrating PEGMA aqueous solution into the sample cell filled with an aqueous
solution of 5.3 mM SDS. The heat data was then subtracted from the data of blank test, and the

background-corrected data was used for the subsequent analysis (Appendix A3).

2.3.5 Zeta potential
Zeta potentials of the nanoemulsion droplets were measured by a Brookhaven Instruments 90Plus
PALS zetasizer. The sample nanoemulsion was with ¢ = 0.001 suspended in an aqueous

continuous phase containing free SDS at a concentration of 5.3 mM and PEGMA at a volume
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fraction of 0.00187. Before each measurement, the temperature was raised to the target

temperature for 10 minutes. Fresh nanoemulsion was loaded for each measurement.

2.3.6 Confocal microscopy

The microstructures of the nanoemulsion at T = 20.0 and 55.0 °C were captured using a confocal
laser scanning microscope (LSM 700, Zeiss) equipped with a 20x air-immersion objective. The
temperature was controlled using a heating stage (Heating Insert P S1, Zeiss) with a temperature
controller (TempModule S1, Zeiss). Before the nanoemulsion synthesis, PDMS was fluorescently
labeled by pre-dissolving the lipophilic dye, Nile Red (excitation/emission wavelength = 550/626
nm) at a concentration of 0.05 mg mL!. To image the microstructure, 150 uL of the fluorescently
labeled nanoemulsion was loaded into a glass chamber (Lab-Tek™ 155411, Thermo Fisher
Scientific) with a coverlid. The chamber was mounted on the heating stage equipped on the
microscope. Before the imaging, the temperature was increased to the target temperature and was

kept for 10 minutes.

2.4 Results and discussion

2.4.1 Thermally-gelling nanoemulsions

In this work, we used nanoemulsions as a model colloidal system, although we will show the
colloidal gelation can be applied to other colloidal suspensions. Nanoemulsions are liquid-liquid
dispersions where the droplet size is ~ 100 nm. Because of their stability, large interfacial surface
area and ease of synthesis, there is emerging interest for fundamental studies and practical
applications of nanoemulsions in various fields [6]. Additionally, due to flexibility in the
formulation, interdroplet interactions are easily tuned, making nanoemulsions a powerful model
system to study aspects of soft matter physics such as self-assembly [8], gelation [105] and
suspension rheology [7]. Here, the canonical system consists of polydimethylsiloxane (PDMS)
droplets with a volume fraction ¢ = 0.30 dispersed in an aqueous phase containing poly(ethylene
glycol)methacrylate (PEGMA) with a volume fraction P = 0.33. The droplets have a diameter of
D = 50 nm and are stabilized by the ionic surfactant sodium dodecyl sulfate (SDS). The

nanoemulsion is liquid at room temperature, but transforms into a solid-like gel upon increasing

44



temperature. We studied this transition using small-amplitude oscillatory shear to measure the
linear viscoelastic storage modulus G’ and loss modulus G”. In Fig. 2.1A we show the viscoelastic
response over a range of angular frequencies, o. The material shows liquid-like behavior, where
G’(0) ~ o* and G”(w) ~ ® at room temperature [18]. Upon heating, G’(®) and G” (w) grow, and
their frequency-dependence changes. G’ and G have the same scaling with o, G’(0) = G”(®) ~
"7, at the critical gelation temperature Tgel = 30 °C. According to the classic work by Chambon
and Winter [111,112], at critical gelation point G’(®) and G”(®) have the same power law behavior
where G” ~ G” ~ ®" and n is the relaxation exponent. At this critical gel point, the colloidal system
forms a sample-spanning gel network. For our canonical formulation, T= 30 °C corresponds to the
Chambon-Winter critical condition, and this criterion is used to define the gelation temperature
(Fig. 2.1A). Moreover, in our system, n is = 0.5, which indicates the formation of a percolated gel

or a pretransitional glass phase [113,114].

Further heating the nanoemulsion leads to a dramatic increase in the elasticity, and the increase
becomes limited above Tgel + 20 °C (Appendix A2). In this high-temperature regime, G’(0) > G™(®)
and G’(w) is nearly independent of frequency with a plateau modulus, Gp. The nanoemulsion
system shows a remarkable sol-gel transition as the elasticity increases by nearly four orders of
magnitude, and the nanoemulsion transforms from a transparent liquid to a turbid, solid-like
material shown in Fig. 2.1B. The turbidity indicates the formation of droplet aggregates. To further
probe the gel microstructure, confocal microscopy was performed to visualize the gel network, as
shown in Fig. 2.1C. The microstructure of our nanoemulsion gel is a spanning network of colloid-
rich and colloid-lean domains, similar to networks observed from arrested phase separation of
other attraction-driven colloidal gels [103,104]. Interestingly, the nanoemulsion gel can re-enter

the liquid state with sufficient cooling and moderate shearing (see Appendix A2).
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Figure 2.1 Thermally-triggered gelling behavior of the model nanoemulsion system. The canonical system
contains PDMS droplets (diameter D = 50 nm, volume fraction ¢ = 0.30) suspended in an aqueous
continuous phase containing PEGMA (volume fraction P = 0.33) and SDS. (a) Linear viscoelasticity,
storage modulus G (closed symbols) and loss modulus G (open symbols), of the nanoemulsion at various
temperatures. At T = 20 °C, the nanoemulsion is liquid-like. At T = 30 °C, the nanoemulsion undergoes a
sol-gel transition where G’(®) ~ G”(w) ~ 0" giving the gelation temperature Te = 30 °C. At T = 55 °C,
the nanoemulsion is solid-like where G’ () is nearly independent of @. (b) Photographs of the nanoemulsion
taken after 10 minutes at T = 20 and 55 °C. (¢) Microstructures of the nanoemulsion at T = 20 and 55 °C
captured using confocal microscopy. Oil droplets were fluorescently labeled with a lipophilic dye, Nile Red,
before the nanoemulsion synthesis. At T = 20 °C, the droplets are homogeneously suspended in the
continuous phase. At T = 55 °C, the nanoemulsion droplets self-assemble into a spanning network of
droplet-rich domains characteristic of arrested phase separation. Scale bars = 10 pm.

2.4.2 Mechanism of colloidal gelation

We then investigated the gelling mechanism, and a schematic of the proposed mechanism is
presented in Fig. 2.2A. At room temperature, the SDS-stabilized droplets homogeneously disperse
in the continuous phase containing PEGMA. However, PEGMA molecules provide a strong
depletion interaction = 30 kT (for P = 0.33 and D = 50 nm), and because the dispersion is
homogeneous at room temperature, we assumed this attraction is overcome by a strong
electrostatic repulsion from the charged SDS on the droplets. This hypothesis was confirmed by
measuring the zeta potential of droplets, {, shown in Fig. 2.2B and by calculating the corresponding
repulsion strength (= 35 kT, details in later discussion). However, as temperature increased, the
nanoemulsion suspension gels. We hypothesized that the gelation results from a decrease in

repulsion through displacement of the ionic surfactant on the droplet surface and the strong

46



depletion force from the excess PEGMA molecules in solution. To validate the hypothesis, we
measured ( at elevated temperatures. We found that the magnitude of  decreases with temperature
as shown in Fig. 2.2B while { is unchanged without PEGMA (Appendix A3), indicating desorption
of SDS [22,75] in the presence of PEGMA. Isothermal titration calorimetry (ITC) was performed
to further probe the adsorption of PEGMA. We obtained the quantitative adsorption behavior at
elevated temperature by analyzing the heat associated with the adsorbing reaction (Appendix A3).
As shown in Fig. 2.2B, the number of PEGMA adsorbed per droplet, n, increases with temperature.
The trends of {(T) and n(T) support the hypothesis of a thermally-triggered SDS replacement by
PEGMA on the nanoemulsion surface. Upon heating, the methacrylate group on PEGMA becomes
increasingly hydrophobic and partitions into the oil/water interface. The proposed mechanism is
further supported by ITC results where the PEGMA adsorption is an entropy-driven process
(endothermic adsorption): the dehydration of the methacrylate groups frees the water molecules
and results in an increase in translational entropy [109]. Finally, we showed that  and n are
quantitatively correlated using the Grahame equation [22] where the surface potential is estimated

from the charge density (Appendix A3).
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Figure 2.2 Thermally-triggered surfactant displacement mechanism. (a) Schematic of the proposed gelling
mechanism. At elevated temperatures, the methacrylate groups of PEGMA partition into the oil/water
interface and displace the SDS. The displacement of SDS decreases the repulsive interaction between
colloids. The excess PEGMA in the continuous phase provides a significant depletion attraction, and
together with the depletion from SDS micelles and the van der Waals interactions, the droplets self-
assemble into gels. Contributions to the interaction potential as a function of distance are shown in the inset
of (¢). (b) Temperature-dependent zeta potential, { (blue symbols, left y-axis), and the number of PEGMA
adsorbed per droplet, n (red symbols, right y-axis). As temperature increases, || decreases while n increases,
supporting our hypothesis that PEGMA replaces SDS on the droplet which decreases the surface charge
and electrostatic repulsion. (c) Interaction potential at rising temperatures, as a function of droplet center-
to-center distance r scaled by the droplet radius a. The inset shows the contributions to the potential at T =
50.0 °C from depletion from PEGMA, depletion from SDS micelles, electrostatic repulsion and van der
Waals interaction (VDW). As temperature increases, the repulsive barrier decreases, and the nanoemulsions
can overcome the barrier to self-assemble into a gel.
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2.4.3 Estimation of Interactive potentials

The overall pairwise interaction between droplets has contributions from depletion attraction
arising from both PEGMA molecules and SDS micelles in solution, electrostatic repulsion and van
der Waals interactions shown in Fig. 2.2C. The interactions from each contribution are depicted in
Fig. 2.3. We can estimate each contribution to the pair potential to better understand the gelation.
Note that in our system, the PEGMA has two roles: the non-adsorbing PEGMA molecules (~10°
per droplet) in the continuous phase provide the depletion interaction, and the adsorbed PEGMA
molecules (~10° per droplet) on the droplets lead to the decrease in electrostatic repulsion by

displacing SDS.

Electrostatic repulsion Depletion by PEGMA

@ @ ol
[0~ -
- o i ¢ @ 11 i3 Sul“«bj 5 g

.&-.t' Uee

e
3

N i~ Depletion by SDS micelles 1 @

EN i 1\® 1

L ~

o = i~ @ ::_L\l‘h’:. i&‘{ﬂb %
, ® - ‘H* - e
Figure 2.3 Schematic diagram of the system used for estimating the interactive potentials. A total of four

interactions were considered: electrostatic repulsions, depletion by PEGMA, depletion by SDS micelles
and van der Waals interaction.

2.4.3.1 Electrostatic repulsion

To estimate the electrostatic repulsion, Uy, Yukawa repulsion is considered as followed [22,75],

2a
Uetec = gelecTe_x(r—za) (2.1}

where a is the droplet radius and  is the droplet center-to-center distance. k" is the Debye length

and is estimated as followed,

E,EnlcT
1000e2N, Y, z*M;

_1=

K 2.2)

where €, is the electric permeability of free space, k is Boltzmann constant, T is the absolute

tempeature, e is the elementary charge, N, is Avogadro's number, z is the charge number and M
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is the molar concentration. €, is the dielectric constant of the continuous phase, which is calculated
by considering the dielectic constants of water [115] and PEGMA. The dielectric constant of
PEGMA is estimated from the dielectric constant of PEG backbone [116]. €, is then calculated
using the mixing rule, which the deviation from the measured value has shown to be negligible at
the high PEG concentration regime such as the case in our system [117]. Table 2.1 lists the €, of

PEG, water and continuous phase using mixing rule, and the resulting k~* from Eq. 2.2.

Table 2.1 Dielectric constants of PEG, water and the continuous phase, and the corresponding Debye length.

T wat
(°C) €r,PEG €r,water Er (nm)
25 19.05 78.30 58.75 0.809
30 18.30 76.55 5732 0.806
35 17253 74.83 55.93 0.802
40 16.80 73.15 54.56 0.799
45 16.05 TS 331 0.795
50 15.30 69.91 51.89 0.791

The strength of the electrostaic repulsion, €gjec, 1S estimated from[22,75]

kT\? 1ze
Eelec = 32MEEL (Z) atanh? (Zﬁ) (2.3)
which is obtained from Gouy-Chapman solution to Poisson-Boltzmann equatioﬁ with the

superposition assumption and Derjaguin approximation.

2.4.3.2 PEGMA depletion

The PEGMA depletion is the dominant attraction due to the high concentration. In fact, the
depletion interaction between nano-sized colloids has been widely studied by both experiments
[13,118,119] and simulations [120,121]. To estimate the depetion from non-asorbing PEGMA,
Asakura-Oosawa potential is used [17,122]

Udep = — (2.4)

Egep(a + 6p)3 1_5 ¥ +1( r )3
4a+6p 16

55(37”' +5,) a+0p
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when 2a <r < Z(a o 5,,). Here we also assumed PEGMA is an ideal polymer. Therefore, an
additional configurational entropy from the depletants contributes to the depletion strength, £,

and the interaction range, 8p [17]. £4¢,, and &p are then calculated as

a

Edep = ¢p E—Blnz (2:5)
g

8 = V2In2R, (2.6)

where ¢, is the depletant volume fraction and Ry is the radius of gyration of the depletant.

For the estimation, we simply assumed the morphology of the PEGMA is independent of the
temperature. Moreover, the ITC result from Fig. 2.2B shows that the number of PEGMA adsorbed
per droplet is ~ O(10?), while the total number of PEGMA molecules in the system per droplet is
~ 0(10°%), suggesting a negligible change in PEGMA concentration in solution as T increases.
Therefore, the PEGMA depletion presumbly remains constant across the temperature window (25

to 50°C).

2.4.3.3 SDS micelle depletion
Depletion by SDS micelles is also estimated using Asakura-Oosawa potential. By assuming the

micelles behave like hard-spheres, the micelle depletion is calculated as follows [17,52,123],

na 2
Ugep = ~ECnkT) (5 (dmesr = (r = 20)) ) %)
when 2a <7 < 2a + dpy o5 , and

1+ Pmepr + Omerr — mess
- 3
(1 = Pmerr)

where ¢y, o ¢5 1s the effective volume fraction of micelles by considering the Debye layer [7] and

(2.8)

is calculated as

41 (d : 4 (d + 271Y°
Bmess z?( m,eff) e =_(m—) C- (2.9)
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Cr, is the concentration of the micelle and is calculated as

(Co = Cads e CCMC)NA

Nag g

G

(2.10)

where C, 1s the total concentration od SDS, €, 4, is the concentration of SDS adsopbed on the
droplets, Cepc is the critical micelle concentration (= 8 mM) [110,124,125], and N4y, is the

aggregation number of micelle (= 60) [110,124,125]. For the estimation, we assume the

morphology of the micelles is independent of the temperature.

2.4.3.4 Van der Waals interaction

Van der Waals interaction is estimated as followed [22],

—Aa

UVDW — —""_12(?_ =" Za) (211)

by assuming a uniform droplet size and Derjaguin approximation is used. Here, A = 3.3 X 10722

is the Hamaker constant of PDMS-water-PDMS [126,127].

2.4.3.5 Overall pairwise interaction

As shown in Fig. 2.2C, increasing temperature leads to a decrease in the repulsive barrier, and the
system can more easily overcome this energetic barrier to self-assemble and undergo gelation. We
acknowledge the quantitative behavior of the potentials may not be precisely captured, but the
estimations provide mechanistic insight to explain trends in material microstructures and

rheological properties (shown in Fig. 2.4 and Appendix A2).

2.4.4 Effect of material composition

Controlled gelation via this mechanism is general and robust over a wide range of composition,
colloid size and component chemistry. We tested the gelling mechanism by investigating the
material phase behavior (Tgel) and gel elasticity (Gp) over a wide range of formulations. First, we

demonstrated that nanoemulsion gelation can be robustly controlled over a wide range of
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composition, P shown in Fig. 2.4A and Fig. 2.4B and ¢ shown in Fig. 2.4C and Fig. 2.4D. We
found that Tger decreases significantly with P for 0.13 <P < 0.35, indicating the gelation is more
easily induced when more depletants are present. In contrast, Tgel increases mildly with ¢ for 0.1
< ¢ <0.35, which is contrary to common colloidal systems where larger ¢ facilitates the gelation.
We believe such trend with respect to ¢ results from a decrease in SDS micelles and electrostatic
screening [52]. To validate this postulate, we studied the effect of [SDS] on the properties of the
nanoemulsion gels (Appendix A2). The results are consistent with our predicted trend wherein a
decrease in the total [SDS] leads to an increase in the gelation temperature and a decrease in the
gel strength. For data in Fig. 2.4, we kept the total [SDS] = 0.175M constant, so more SDS remains

in the continuous phase with smaller ¢, leading to stronger micelle depletion and electrostatic

screening.
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Figure 2.4 Gelling mechanism is robust over a wide range of compositions. (a) Tee as a function of PEGMA
volume fraction in the continuous phase, P. (b) Gp as a function of P showing a power-law dependence of
Gp ~ P*®. Nanoemulsions in (a) and (b) are composed of PDMS droplet with D = 50 + 1 nm and a volume
fraction ¢ = 0.30. (c) Teel as a function of ¢. Because the bulk SDS concentration decreases with increasing
¢, T decreases slightly due to weaker micelle depletion attraction. (d) Gp as a function of ¢, showing a
power-law dependence of Gp ~ ¢*!. Nanoemulsions in (c) and (d) are composed of PDMS droplet with D
=50+ 1 nm dispersed in the continuous phase with P =0.33. (¢) G’ and G as a function of the shear strain,
y. The strain at the limit of linearity, yi, is the strain at which G” and G” begin to change with y. The
nanoemulsion used here is composed of PDMS droplet with D = 50 nm and ¢ = 0.30 suspended in the
continuous phase with P = 0.33. (f), yv as a function of ¢, showing a power-law dependence of Gp ~ y*°.

We also investigated Gp as a function of P and ¢. With increasing P, Gp increases over one order

of magnitude as a power-law Gp ~ P>%, which is quantitatively consistent with colloidal gels
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assembled by depletion attractions alone [104]. As ¢ increases, Gp increases over two orders of
magnitude as a power-law Gp ~ ¢*!. Shih et al. suggested a scaling behavior relating macroscopic
rheological properties to microstructures [108]: by assuming the gel network is composed of
aggregated clusters, the scaling behavior of Gp with ¢ provides the gel structural information in

terms of the cluster fractal dimension [108], ds:

1
R (2.12)

1 (2.13)
3—ds

vi~¢¥, y=

To conduct the scaling analysis, we measured the strain at the limit of linearity, yi. as shown in Fig.
2.4E, as a function of ¢ shown in Fig. 2.4F. The calculation using Eq. 2.12 and Eq. 2.13 gives df=
2.76 and 2.5, respectively. We note that these are independent estimates of the fractal dimension,
and their close values (differing only by 10%) lend support to a fractal dimension in the range of
2.5-2.76. Moreover, the estimated fractal dimensions indicate formation of dense clusters.
Interestingly, forming compact clusters requires multiple collisions to overcome an energetic
barrier [11], which is consistent with our interaction potential that also shows an energetic barrier
in Fig. 2.2C. Additionally, the positive correlation between yL and ¢ suggests the elasticity is
determined by the inter-cluster links [108], which supports recent work by Whitaker et al.
investigating depletion gel elasticity [128].

2.4.5 Effect of droplet size

The microstructure of our gel shown in Fig. 2.1C is consistent with the prediction from mode-
coupling theory (MCT) where the attractive glass line penetrates into the spinodal regime and the
gelation is through an arrested phase separation [129,130]. To further compare to MCT, we probed
the system properties as a function of droplet size (Fig. 2.5). We found that gelation only occurs
for droplets with D < 150 nm, and a stronger gel was obtained as D decreased as shown in Fig.
2.5A and 2.5C. We also observed a broad minimum in G” in Fig. 2.5A, which is a reminiscent of
glassy dynamics [1,11]. Within the gelation regime, Tge decreases with D as shown in Fig. 2.5B,
which is consistent with MCT where gelation is more easily induced with larger D [130]. Inspired

by MCT, we then expect a power law scaling of the normalize plateau modulus GpD?/kT with
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2R¢/D where Rg = 0.55 nm is the radius of gyration of PEGMA. The resulting figure in Fig. 2.5C
shows that GpD?/kT exhibits a power law behavior with 2R¢/D with an exponent of -2.2, which is
in good agreement with the MCT prediction of -2.0 [130]. Overall, the analyses show that the
properties of our model nanoemulsion are in good agreement with theoretical studies, and

predictions can be made about the expected behavior of this platform system.
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Figure 2.5 Effect of droplet diameter, D, on the nanoemulsion properties. Nanoemulsions of PDMS droplets
with a volume fraction ¢ = 0.30 suspended in a continuous phase with PEGMA with a volume fraction P =
0.33. (a) Linear viscoelasticity (G’: closed symbols, G”: open symbols) of the nanoemulsion with different
D at T = Tg + 25 °C. No gelation was observed across the experimental temperature window for D > 150
nm. Within the gelation regime (D < 150 nm), stronger gels are obtained for smaller D. Additionally, G”
of the gel shows a broad minimum at moderate angular frequencies, which is reminiscent of glassy
dynamics indicating a transition from a- to B-relaxation. (b) Gelation temperature, T, as a function of D.
For smaller D, a higher temperature is required to induce gelation. (c) Plateau modulus, Gp, as a function
of D. The inset shows the normalized plateau modulus, GpD*/kT, as a function of normalized PEGMA
depletion length scale, 2Ry/D, where R is the radius of gyration of PEGMA. The result shows a power-law
behavior with an exponent = -2.2, consistent with predictions of mode-coupling theory (MCT).
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2.4.6 Robustness of the gelling platform

Finally, we investigated the gelling mechanism across a wide range of component chemistries (Fig.
2.6). We first prepared nanoemulsions with PEG-based oligomers of different moieties as shown
in Fig. 2.6A. Gelation was induced with all amphiphilic oligomers, and the less hydrophobic PEG
results in higher Tge and smaller Gp. No gelation was observed with non-modified PEG. The
observation from oligomer chemistry supports our proposed mechanism where the dehydration of
amphiphilic oligomers triggers the ionic surfactant displacement. We then prepared
nanoemulsions with different types of surfactants as shown in Fig. 2.6B. Gelation was induced for
all ionic surfactants, while no sol-gel transition was observed for the non-ionic surfactant (Tween
20). This result highlights the importance of length scale, 3, of each interaction in the gelling
mechanism where OpeGMAT Oelectrosatic =~ 1 nm and dtween 20 = 3-4 nm [131,132]. Within the
experimental window, non-displaced Tween 20 provides a strong steric repulsion and prevents the
system from gelling. Finally, we prepared the dispersion with solid polystyrene (PS) nanoparticles
as shown in Fig. 2.6C, where the colloidal stability is provided by SDS adsorbed on the surface
[101]. Remarkably, we found this hard-sphere suspension exhibits a gelling behavior,
demonstrating that our gelling platform is generic for both liquid and solid nanocolloids that allow
surfactant exchange on the nanocolloid surface. No gelation is observed in the absence of PEGMA.
Additionally, no sol-gel transition was observed for the aqueous continuous phase, indicating the
gelation does not result from the self-assembly or association of SDS and PEGMA. We also
measured the transmittance of PEGMA solution with P = 0.33 using UV-Vis spectroscopy at a
wavelength = 500 nm at elevated temperatures (Fig. 2.6C inset). The transmittance remains at 100 %
across the experimental temperature window and no phase separation is observed, suggesting
PEGMA stably stays in the water. We note that the gelation mechanism presented here is different
from our prior work where the gelation is through polymer bridging via di-functional gelators

[21,33,101,105].
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Figure 2.6 Gelation is robust across a wide range of component chemistries. Nanoemulsions here are
composed of ¢ = 0.30 PDMS droplets of D = 50 + 1 nm in a continuous phase with P = 0.33. The total
concentration of surfactant is 0.175M. (a) T and Gp for various PEG-based oligomers with different
moieties. The end-groups are ordered in decreasing hydrophobicity which results in a higher Ty and
smaller Gp. For PEG with no end groups, gelation was not observed, consistent with our proposed
mechanism where the surfactant displacement and the subsequent decrease in the repulsion are triggered
by the dehydration of the functional end-group (Fig 2.2A). (b) Ter and Gp for various surfactants. Gelation
was observed for all ionic surfactants, while no sol-gel transition was observed for the non-ionic surfactant
(Tween 20) across the experimental temperature window. (¢) Tgi and Gp for two different nanoparticles.
Gelation occurs for both liquid PDMS droplets and solid polystyrene (PS, D = 58nm and ¢ = 0.30) colloids.
No gelation is observed with the absence of PEGMA. Additionally, no sol-gel transition was observed for
the aqueous continuous phase, indicating the gelation does not result from the self-assembly or association
of SDS and PEGMA. Inset: Transmittance of a pure PEGMA aqueous solution (P = 0.33) as a function of
temperature using UV-Vis spectroscopy at a wavelength = 500 nm.

2.5 Conclusion
Overall, we presented a colloidal gelation platform whose microstructure and mechanical
properties can be controlled easily and reliably using an external temperature source. We

systematically investigated the gelation mechanism and confirmed that it is due to thermally-
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triggered surfactant displacement which reduces the interparticle repulsion. By understanding the
mechanism, we applied simple models to construct the interparticle potential and to explain trends
in material behaviors. The mechanistic understanding of the gelation also allowed us to extend the
platform to other surfactant and colloid chemistries (both droplets and solid nanoparticles). This
platform offers a convenient way to assemble and control the properties of a variety of different

nanoparticle gels and will be useful for engineering advanced soft materials.
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Chapter 3

Thermally and pH-Responsive Gelation of Nanoemulsions
Stabilized by Weak Acid Surfactants

3.1 Overview

Nanoemulsions are widely used in applications such as in food products, pharmaceutical
ingredients and cosmetics. Moreover, nanoemulsions have been a model colloidal system due to
their ease of synthesis and the flexibility in formulations that allows one to engineer the inter-
droplet potentials and thus to rationally tune the material microstructures and rheological
properties. In this chapter, we study a nanoemulsion system in which the inter-droplet interactions
are modulated by temperature and pH. We develop a nanoemulsion suspension in which the
droplets are stabilized by weak acid surfactants whose charged state can be independently
controlled by temperature and pH, leading to a responsive electrostatic repulsion. Moreover, the
additional poly(ethylene glycol) segment (PEG) on the surfactant gives rise to a temperature
responsive attraction between droplets via PEG-PEG association and ion-dipole interaction. The
interplay of these three interactions gives rise to non-monotonic trends in material properties and
structures as a function of temperature. The underlying mechanism resulting in these trends is
obtained by carefully characterizing the nanoemulsion droplets and studying the molecular
interactions. Such mechanistic understanding also provides guidance to modulate the inter-droplet
potential using pH and ionic strength. Moreover, the molecular understanding of the weak acid
surfactant also sheds light on the destabilization of the nanoemulsion droplets triggered by a switch
in pH. The control of the competition of attractive and repulsive interactions using external stimuli
opens up the possibility to design complex nanoemulsion-based soft materials with controllable

structures and rheological properties.

This chapter has been adapted with permission from L. -C. Cheng, S. M. Hashemnejad, B. Zarket,
S. Muthukrishnan and P. S. Doyle “Thermally and pH-Responsive Gelation of Nanoemulsions
Stabilized by Weak Acid Surfactants™ Journal of Colloid and Interface Science 2020, 563, 229-
240. Copyright 2020 Elsevier Inc.
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3.2 Introduction

Nanoemulsions are kinetically stable liquid-liquid suspensions where one immiscible liquid
disperses in another with droplet size on the order of 10 to 100 nm. The nanoscale droplet size
leads to robust stability, large interfacial area and optical transparency, which has made
nanoemulsions a popular topic in the field of colloidal and interface science for the past two
decades [6]. Moreover, the small lipophilic domains can be further utilized in applications such as
nano-reactors for polymerizations [133,134] or nano-cargos in food products [28,38,135]. The
other important feature of nanoemulsions is the ease of synthesis in which new formulations can
be easily synthesized. Such flexibility allows researchers to modulate the interactions between
droplets and hence the material properties, making nanoemulsion a versatile material in diverse
fields such as in sensors [136,137], cosmetics [26], and the complex material design [86]; and a
compelling model system for studying colloidal behavior such as suspension rheology [7], self-

assembly [8] and gelation [10].

Nanoemulsions that undergo gelation have attracted much attention in both fundamental studies
[10,32,60] and practical applications [9,33]. Gelation of nanoemulsions, or for general colloidal
suspensions, is controlled by modulating the interactions between the droplets, and the gelation
can be induced by manipulating either attractive or repulsive interactions. For attraction-driven
gelling systems, one common way to induce gelation is via a depletion interaction. By adding
depletants to the continuous phase, these non-adsorbing species are excluded from the vicinity of
the droplets, leading to an imbalance in the osmotic pressure. This osmotic pressure acts as a net
attractive force between the droplets, ultimately giving rise to the gelation [17,122]. Different
depletants including surfactant micelles [51,52] and non-adsorbing polymers [9] have been used
to obtain gelling nanoemulsions. On the other hand, gelation of nanoemulsions can also be induced
by modulating repulsions. Perhaps the most widely seen approach is the screening of electrostatic
repulsion by adding the electrolytes into charged-stabilized nanoemulsion suspensions. The
addition of electrolytes reduces the effective length scale of the electrostatic repulsion, leading to
the emergence of a secondary minimum in the interactive potential and eventually inducing the
gelation [15,22]. Another example utilizing electrostatic repulsion, so-called repulsive gelation
[52], to obtain nanoemulsion gels is through the increase of effective oil volume fraction in
electrostatically-stabilized emulsion systems [8,25]. The effective oil volume fraction (¢e) is

calculated by considering the actual oil volume fraction (¢a) and the excluded volume resulted
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from the repulsive charge cloud that extends from the oil/water interface (i.e. Debye length, k),
and e = da(1 + 1'/a)’ where a is the droplet radius. As the droplet size decreases, ¢ increases.
When ¢e is greater than the maximum random jamming limit, a viscoelastic nanoemulsion gel is

obtained.

Our group has been designing and studying nanoemulsion systems in which gelation is triggered
by an external stimulus — an increase in temperature [21,138,139]. By understanding the inter-
droplet interactions at a molecular level, we have designed various thermally-gelling
nanoemulsions in which the system experiences a sol-gel transition at elevated temperatures. For
example, by adding telechelic oligomers where both ends of the hydrophilic backbone are
functionalized with hydrophobic moieties to the continuous phase, the oligomers act to bridge
droplets upon increasing the temperature and ultimately lead to gelation [21,98]. On the other hand,
we also designed another thermally-gelling mechanism by including non-ionic amphiphilic
oligomers in charged-stabilized oil-in-water nanoemulsions [138]. At elevated temperatures, the
non-ionic oligomers replace the ionic surfactants on the droplets. Such displacement leads to a
dramatic decrease in the electrostatic repulsion and gives rise to gelation. Finally, we also
developed a gelling nanoemulsion by adding a small-amount of Pluronic copolymers to the
continuous phase. We hypothesized that the gelation at elevated temperatures is induced through
jamming via the formation of copolymer micelles and the increase of ¢c by the adsorption of
copolymers onto the droplets [139]. Overall, these external-stimuli responsive systems enhance
the ability for material processing and manipulation, which benefits not only the fundamental
research such as studying the effect of processing history on the material behaviors [105] but also
practical applications such as the design of hierarchical structured hydrogels [33]. However, for
both fundamental studies and applications, it would be desirable to develop systems that respond
to another stimulus in addition to temperature. For example, systems that are responsive to the

change of pH can be utilized for skincare products [140,141] or enhanced oil recovery [142].

In this chapter, we report a gelling nanoemulsion system in which the material properties are
responsive to temperature and pH. The nanoemulsion is synthesized through a low-energy route,
and the droplets are stabilized using a weak acid surfactant containing a PEG segment and a
carboxyl group. The deprotonation of the carboxyl group greatly influences the behavior of the

nanoemulsion. The material behavior is characterized by rheometry and confocal microscopy
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[14,128,143-146]. This new nanoemulsion system shows a non-intuitive behavior that is very
different from all of the prior thermally-gelling systems our group has studied. At elevated
temperatures, the viscoelastic moduli first increase, then decrease and finally increase again, and
the microstructures of the assembled nanoemulsion also show the same non-monotonic trend. This
non-intuitive trend is explained by the non-monotonic increase in the net attraction due to the
competition between repulsive and attractive interactions, which are investigated by measuring the
zeta potential of the nanoemulsion droplets and comparing our system with the studies in the
literature. We hypothesize that the association between PEG segments and charged carboxylate
groups are responsible for the changes in the inter-droplet interactions. Armed with this
mechanistic understanding, we further show that the thermally-responsive rheological properties
of the nanoemulsion can be modulated through the change of pH and ionic strength. Moreover,
with the knowledge of the molecular geometry of the surfactants, we also demonstrate that the
nanoemulsion droplets can be destabilized by changing the pH of the system. This work opens up
the opportunity to design multi-stimuli responsive nanoemulsion systems by controlling the

chemical moieties of the surfactants adsorbed on the droplets.

3.3 Materials and methods

3.3.1 Materials

Isopropyl myristate (IM, purity > 98%), laureth-11 carboxylic acid (M, = 690 g/mol, impurities:
NaCl < 1.5%, water = 8-12%), lauric acid (purity > 98%), sodium hydroxide (NaOH, purity >
97%), sodium chloride (NaCl, purity > 99%) and Nile Red (purity > 98%) were purchased from
Sigma Aldrich. Poly(ethylene glycol) (PEG400, M, = 400 g/mol, purity > 98%) was purchased

from TCI Chemicals. All chemicals were used without further purification.

3.3.2 Nanoemulsion synthesis

The oil-in-water nanoemulsion contained IM droplets (weight fraction ¢ = 12.5 wt%) stabilized
by a mixture of carboxylic acid-based surfactants composed of laureth-11 carboxylic acid (12.5
wit%) and lauric acid (3.13 wt%), and a co-surfactant PEG400 (9.38 wt%) [139] suspended in the
de-ionized water. The hydrophilic-lipophilic balance (HLB) of the mixed surfactant is 13. We have
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also demonstrated that it is important to use the co-surfactant to stabilize the nanoemulsion by
measuring the size of the droplets over time at various PEG400 concentrations (Appendix B Fig.
Bl

We used the Phase Inversion Composition (PIC) method to synthesize the nanoemulsions which
provides a low-energy route to obtain nano-sized droplets [6]. For synthesis, a homogeneous oil
mixture containing IM, surfactants and co-surfactants was first prepared. Next, the de-ionized
water was added drop-wisely into the oil mixture under a constant stirring using a magnetic stirrer
bar. The stirring speed was kept at 1100 rpm throughout the synthesis. This approach is called the
PIC method since the continuous phase is added into the disperse phase. During the addition, at
some critical point which is known as phase inversion point, the oil-water interface experiences an
ultra-low interfacial tension which facilitates the formation of nano-sized droplets [36,147]. We
measured the droplet size and the polydispersity by using dynamic light scattering (90Plus PALS,
Brookhaven Instruments) after diluting the nanoemulsion to ¢ = 0.5 wt% using de-ionized water.

In our system, the resulting droplet diameter is 20 nm with a polydispersity = 0.08.

3.3.3 pH measurement

The pH of nanoemulsions was measured using a pH meter (Orion Star™ A215, ThermoFisher
Scientific) equipped with an Orion™ ROSS Ultra™ Refillable pH/ATC Triode™ electrode. All
the measurements were performed at 20 °C. For the different pH values studied in this work, pH
was adjusted using NaOH. The reported pH values were obtained by measuring the pH of the

whole nanoemulsion suspension (both continuous phase and the droplets).

3.3.4 Rheological characterization

The rheological properties of the nanoemulsion were measured by using a stress-controlled
rheometer (DHR-3, TA instrument) equipped with a 2° 40 mm upper-cone and a temperature-
controlled Peltier lower-plate. To prevent evaporation of the sample, a solvent trap was used and
a few drops of water were added on top of the cone. Before each measurement, a conditioning
procedure was applied to the sample: a pre-shear step was applied by performing a constant

rotation at a speed of 10 rad/s for 30 seconds, followed by a 60-second period where the sample
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stayed quiescently on the rheometer. The whole conditioning step was kept at 20.0 °C in order to
eliminate any possible thermal history effect [105]. In the pre-shear step, no gelation or self-
assembly of the nanoemulsion suspension is obtained (as shown in Fig. 3.1 and Fig. 3.2 where the
rheology is reported, and Fig. 3.3 where the confocal images are reported). Therefore, this pre-
shear step has no influence on the gel structures and the associated rheological properties when

the temperature is increased.

Frequency-sweep and temperature-ramp measurements were performed using small-amplitude
oscillatory shear (SAOS) at a shear strain y = 0.05%. For frequency-sweep measurements, the
storage modulus, G’, and the loss modulus, G”, at various temperatures, T, with angular frequency
o = 1 to 100 rad/s were measured. Before each measurement, the temperature was kept at the target
T for 30 min. For temperature-ramp measurements, G* and G were measured as a function of
temperature at a fixed angular frequency o = 25 rad/s. The nanoemulsion droplets stay stable over
the experimental temperature window by monitoring the droplet size as a function of temperature
(Appendix B Fig. B2). For each measurement, the fresh nanoemulsion was loaded on the

rheometer.

3.3.5 Zeta potential

Zeta potentials of the nanoemulsion droplets with different temperatures and pH were measured
by a Brookhaven Instruments 90Plus PALS zetasizer. Before each measurement, the mother
nanoemulsion (¢ = 12.5 wt%) was freshly diluted to ¢ = 0.5 wt%. For each measurement, the fresh

nanoemulsion was loaded.

3.3.6 Confocal microscopy

The microstructures of the assembled nanoemulsion at various temperatures were captured using
a confocal laser scanning microscope (LSM 700, Zeiss) equipped with a 63% oil-immersion
objective. The temperature was controlled using an objective warmer (OW-1, Warner Instruments)
and a microscope heating stage (Heating Insert P S1, Zeiss) equipped with a temperature controller
(TempModule S1, Zeiss). The temperature was independently calibrated by an additional digital
thermometer (#51 I, Fluke).
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For visualization, IM was fluorescently labeled by dissolving Nile Red in IM at a concentration of
0.1 mg/g before the nanoemulsion synthesis. The spatial resolution of the confocal microscope is
~ 200 nm. Therefore, the individual nanoemulsion droplets (size range from 20 to 110 nm) cannot
be detected. To visualize the microstructures, the nanoemulsion was loaded in a homemade
cylinder-shaped glass chamber using Secure-Seal™ spacers. The resulting chamber is with a
height = 500 pm and a diameter = 9 mm. A small diameter ensures the thermal homogeneity
throughout the sample [101]. Before the images were taken, the nanoemulsion-filled chamber was
mounted on the heating plate at the target T for 30 minutes. Fresh samples were used for each
rheological characterization and confocal imaging (i.e. the samples after rheological measurements

were discarded and not reused for confocal imaging).

3.4 Results and discussion

3.4.1 Thermally-responsive nanoemulsions

Our nanoemulsion is a liquid at room temperature, but transitions into a viscoelastic gel upon
heating. However, when the temperature (T) is further increased, the mechanical strength
decreases and then increases again. We quantitatively studied this interesting phase behavior using
the small-amplitude oscillatory shear rheometry. Fig. 3.1 shows the schematic of the nanoemulsion
suspension and the dynamic viscoelastic moduli (storage modulus G’ and loss modulus G”) as a
function of angular frequency (o) at elevated temperatures. At T = 20 and 25 °C, the nanoemulsion
shows a liquid behavior where G”(®) ~ ®' [2]. When T is increased, G’(®) and G” (o) increase
and the system undergoes a sol-gel transition. Eventually, G’(®) is larger than G” (), suggesting
the nanoemulsion has transitioned from a liquid at room temperature to a viscoelastic gel at T =

335 °C,

Surprisingly, G” and G” decrease as T is further increased, as shown in Fig. 3.1C. The trend in the
viscoelastic moduli as a function of temperature can be more clearly seen in Fig. 3.2. The decrease
in G’ and G” remains until T reaches 45 °C. However, when T is further increased, G* and G”
increase again, and such increase remains within our experimental temperature window, as shown
in Fig. 3.1D and Fig. 3.2. We also noticed that the gel strength of this nanoemulsion (the largest
G’ is~ 10° to 10" Pa) is significantly smaller than the prior thermally-gelling nanoemulsions our

group has developed (G~ 10* to 10° Pa) [21,138,139]. The data reported in Fig. 3.2, as well as
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Fig. 3.1, are all above the rheometer’s torque limit. Data that cannot be measured are not presented

(e.g. the storage modulus G” at T = 20 and 25 °C). We also show that the trend in Fig. 3.2 is

statistically significant as the change in viscoelastic moduli is well above the standard errors

(Appendix B Fig. B3).
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Figure 3.1 Schematic of the nanoemulsion suspension and the linear viscoelastic moduli (closed: G’, open:
G”) as a function of angular frequency (®) at elevated temperatures. The pH of the nanoemulsion is 2.5.
(A) The schematic of the nanoemulsion suspension. Upon increasing the temperature, viscoelastic moduli

(B) first increase, (C) then decrease, and (D) finally increase again.

101 T T T T
g

5 5 X
o o o o
¢y 10°F o
= ~)

(o]

(o]

10_1 Al A : . . A L i

20 25 300 35 40 45 650 55

T(CC)

Figure 3.2 Linear viscoelastic moduli (closed: G°, open: G”) as a function of temperature at an angular

frequency ® = 25 rad/s from Fig. 3.1 (see Appendix B Fig. B3 with data with error bars).
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3.4.2 Direct visualization of microstructures

Rheological properties of materials are dictated by their microstructures. Here, the microstructure
of the nanoemulsion as a function of temperature was captured by confocal microscopy.
Representative confocal images of self-assembled nanoemulsions are shown in Fig. 3.3. The oil
droplets are fluorescently labeled using Nile Red. At room temperature, the image shows a red
blur, suggesting that nanoemulsion droplets are homogeneously dispersed in the continuous phase.
This is because the resolution limit of our confocal microscopy setup is = 200 nm at which single
droplets (diameter = 20 nm) cannot be visualized. When T is increased to 30 °C, a connected
network begins to form, corresponding to the rheological sol-gel transition observed in Fig. 3.1B.
While it is difficult to obtain 3D reconstructed images of the assembled microstructures by
confocal microscopy due to turbidity, the 2D images suggest that the network is very sparse. This
observation is similar to our prior work on a different thermally-gelling nanoemulsion which also
shows a very sparse gel network in 2D confocal images near the gel point [101]. At T =35 °C, a
well-connected gel network is observed, which is again consistent with the viscoelastic gel from

Fig. 3.1B.

When T is continuously increased to 40 and 45 °C, the gel network appears to break down into
separate domains. The broken network is exhibited as cloud-like structures in Fig. 3.3 at T = 40
and 45 °C. This visual breakup of the network is consistent with the rheological response shown
in Fig. 3.2 where the viscoelastic moduli decrease when T is increased from 35 to 45 °C. Finally,
when T is further increased to 50 °C, remarkably, the nanoemulsion again assembles into a well-
connected gel network, corresponding to the recovery of the viscoelastic moduli in Fig. 3.2 when

T is increased to 50 °C and above.
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Figure 3.3 Microstructures of the nanoemulsion (pH = 2.5) at elevated temperatures using confocal
microscopy. The oil droplets are fluorescently labeled using Nile Red. Scale bars = 10 um.

3.4.3 Proposed mechanism of nanoemulsion gelation

Colloidal gelation is a result of the competition between attractive and repulsive interactions.
Colloidal suspensions, as well as nanoemulsions, gel when the attractive interaction overcomes
the repulsive interaction. Therefore, the non-intuitive trend in the viscoelastic moduli of our
nanoemulsion (Fig. 3.1 and Fig. 3.2) suggests a non-monotonic increase in the net attraction due
to the competition between attractive and repulsive interactions between nanoemulsion droplets as

a function of temperature. In the following text, we will discuss the sources of both interactions.

3.4.4.1 Repulsive interaction
In our system, the nanoemulsion droplets are stabilized by carboxylic acid surfactants (12.5 wt%
laureth-11 carboxylic acid and 3.13 wt% lauric acid). At room temperature, the weak acid

surfactants are uncharged and the PEG segments on droplets provide the steric repulsion that gives
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rise to the colloidal stability of the nanoemulsion. However, this steric repulsion is most likely not
responsible for the increase in the repulsive interaction as a function of temperature as the number
density of the surfactant is not modulated. Therefore, we hypothesized that the dissociation of the
carboxylic acids leads to a temperature-dependent electrostatic repulsion between the droplets, as
illustrated in Fig. 3.4A. To validate this hypothesis, we measured the zeta potential ({) of the
nanoemulsion droplets as a function of temperature, and the result is shown in Fig. 3.5A. At room
temperature, the droplets are nearly uncharged, suggesting the dissociation of the carboxyl group
is negligible. However, as the temperature is increased to 35 °C, a decrease in ( is observed. Such
decrease indicates the dissociation of the carboxyl group is promoted when the temperature is
increased, and the negative value of { strongly supports that it is the residual carboxylate group on
the droplet that gives rise to the surface charge, and hence the increase in the magnitude of {, of
the nanoemulsion droplets. Consistent with our results, it has been reported in the literature that
the dissociation of carboxylic acids [148—151], as well as other weak acids [152], is enhanced at

elevated temperatures.

The trend of decreasing C as a function of temperature is consistent with the trend of viscoelastic
moduli. In Fig. 3.5A, € remains nearly zero from T = 20 to 30 °C, starts to decrease from T = 30
to 35 °C, experiences a large decrease from T = 35 to 45 °C and finally reaches a plateau when T
> 45 °C. This trend in C is consistent with the viscoelastic moduli in Fig. 3.2. Starting from room
temperature, first, G° and G” experience an initial increase. During this initial period, the
electrostatic repulsion should be negligible since ( is nearly zero, and the increase in viscoelastic
moduli and the formation of assembled gel network (Fig. 3.3) are presumably due to the increase
in attractive interaction between droplets. The details of the attraction will be discussed later. Next,
€ undergoes a dramatic decrease, hence the increase in the electrostatic repulsion, when T is
increased to 45 °C, and the viscoelastic moduli decrease within the same temperature range in Fig.
3.2. This decrease in G* and G” suggests the repulsion overcomes the attraction. Finally, as the
temperature is further increased, { reaches a plateau, leading to a nearly constant electrostatic
repulsion. In this regime, G’ and G” meet their second increase and the gel network is again
exhibited (Fig. 3.3), indicating the attractive interaction overcomes the electrostatic repulsion in

the high-temperature regime, as in the initial period (T = 20 to 30 °C).
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Figure 3.4 Schematic of the sources of repulsive and attractive interactions in the system. (A) Repulsive
interaction is from the deprotonation of the carboxylic group on the surfactant molecules absorbed on the
nanoemulsion droplets. (B) Attractive interactions are from 1) the ion-dipole interaction (ion-induced dipole
interaction) from the carboxylate groups and PEG segments on the surfactants, and 2) PEG-PEG association
from the PEG segments on laureth-11 carboxylic acids.
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Figure 3.5 Zeta potential () of the nanoemulsion droplets as a function of (A) temperature, T and (B) pH
at T =20 °C. pH was adjusted using NaOH. The pH of the nanoemulsion in (A) is 3.1. The error bars are
standard errors from 30 measurements.

Thus far, we have demonstrated that our nanoemulsion system has an electrostatic repulsion which
is modulated by temperature. By comparing trends in the zeta potential to the trends observed in
the rheological measurement, we propose that there must be competing attractive interactions. In

the next section, we will discuss the origin of the attractive interactions in our system.
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3.4.3.2 Attractive interaction

By considering the constituents of our nanoemulsion, we believe there are two sources that are
responsible for the attractive interaction between the droplets: 1) the ion-dipole interaction
between the charged carboxylate group and the poly(ethylene glycol) segment (PEG) on laureth-
11 carboxylic acid, and 2) the association between PEGs on the laureth-11 carboxylic acids
between droplets. A schematic diagram of both mechanisms is shown in Fig. 3.4B. For
clarification, free PEG in the continuous phase (My = 400 g/mol) is denoted as PEG400, and the
PEG on the weak-acid surfactant (M, = 400-440 g/mol) is denoted as PEGw.

The ion-dipole interaction (ion-induced dipole interaction) results from the interaction between the
ionic carboxylate group and PEGy, on the uncharged laureth-11 carboxylic acids. As shown in Fig.
3.5A, the increased temperature leads to the dissociation of the carboxyl group of the surfactant
adsorbed on the droplet. However, as we will discuss the effect of pH on the system later, only a
fraction of the carboxyl groups on the nanoemulsion droplets is deprotonated even at high
temperatures. Therefore, the PEGy on the undissociated laureth-11 carboxylic acids on one droplet
can interact with the ionic carboxylate groups on the other droplet (Fig. 3.4B), giving rise to a net
attraction between droplets. Indeed, the ion-dipole interaction between the charged headgroups of
the surfactants and the uncharged hydrophilic moieties of polymers has been extensively studied
in the literature [61]. Experimental techniques including rheometry [62], neutron scattering [63],
isothermal titration calorimetry [64,65], NMR [65] and potentiometric titration [66], as well as
thermodynamic models [67] and simulations [68], have strongly supported the concept of ion-

dipole association.

To the best of our knowledge, the ion-dipole interaction between charged carboxylate groups and
PEGs has not been systematically studied in the literature. However, it has been shown that the
ion-dipole interaction not only takes place in the well-known SDS/PEG system [63—66,68], but
also in other systems where uncharged polymers, such as PEG or poly(N-vinylpyrrolidone), are
mixed with charged species such as free ions and cetyltrimethylammonium bromide (CTAB)
[61,62,153,154]. These prior works demonstrate that the ion-dipole interaction is generic and
should also take place in our case where the charged carboxylate groups coexist with uncharged
PEGs.
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The other proposed attractive interaction between nanoemulsion droplets is from the PEGw-PEGw
association. It has been widely observed in the literature that PEG becomes more hydrophobic in
aqueous solutions when the temperature is increased [155-158]. For such aqueous PEG solutions,
when the temperature is elevated, the affinity between PEGs is increased and the phase separation
can be induced (i.e. a lower critical solution temperature, LCST, can be defined) [159,160]. This
affinity could give rise to a net attractive interaction between the nanoemulsion droplets via the
PEGw on laureth-11 carboxylic acid (Fig. 3.4B). Such attraction using the LCST behavior of
polymers has been utilized to induce the gelation of block copolymer colloids [161]. On the other
hand, the UCST behavior has also been utilized to induce colloidal gelation in polymer-grafted

nanoparticle suspensions [18,107].

For linear PEGs (such as in our system), it has been found that the temperature to induce a cloud
point is higher for shorter PEG molecules [156,158,159], as the affinity between PEGs is
strengthened when the molecular weight is increased. Therefore, considering the short PEGw
backbone, our system will never achieve the LCST under our experimental conditions. However,
it does not mean that PEG-PEG association does not take place when the temperature is below the
LCST. It has been proposed that the enhanced PEG-PEG affinity at rising temperature in water is
due to the conformational equilibrium in the segments [160]. The segments prefer the polar
conformations (i.e. water is a good solvent) at lower temperatures and prefer the nonpolar
conformations at higher temperatures (i.e. water is becoming a poor solvent). Importantly, it has
been shown that such conformational change in the segments is gradual at elevated temperatures.
Bjoerling et al. have studied the conformational adaption of the PEG chains using '*C NMR [156].
They found out that even for the short PEG (My = 600 g/mol), the segment undergoes a gradual
conformational change at T = 25 to 75 °C, which is consistent to our experimental temperature
window (T = 25 to 55 °C) and supports our proposed mechanism that PEG-PEG association can

give rise to an attractive interaction in our system.

Bridging interaction mediated by free PEG400 in the continuous could also take place. We
speculate that PEG400 does not play a major role in inter-droplet interactions. In our proposed
mechanism, the attraction is from the ion-dipole interaction and PEGw-PEGyw association between

surfactants on different droplets. However, based on this proposed mechanism, we do not want to
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rule out the possibility that PEG400 can bridge the nanoemulsion droplets via these attractive
interactions by chaining the molecules such as PEGw-PEG400-PEGy or COO™-PEG400- COO".

Overall, in our system, we believe the competition of the temperature-dependent attraction and
repulsion between the nanoemulsion droplets is responsible for the non-monotonic trend in the
viscoelasticity moduli (the moduli first increase, then decrease and finally increase again as
temperature increases). When the repulsion dominates in the system, the gelation is diminished
and hence the decrease in the viscoelastic moduli. On the other hand, when the attraction dominates,
the viscoelastic moduli increase. By carefully considering the constituents of the system, we
propose the attraction comes from the PEGw-PEGy association and the ion-dipole interaction
(COO™-PEGw). Therefore, comparing with the rheological data in Fig. 3.2, we have concluded that
the decrease in the moduli at T = 35 to 45 °C is due to the significant increase in the zeta potential
(and hence the electrostatic repulsion). Based on the zeta potential data, it can be then concluded
that the second increase in the viscoelastic moduli (T > 45 °C) is primarily due to the increased
PEGw-PEGy association. Since the zeta potential (and hence the charge density of the droplets)
stays unchanged within this temperature window, we do not expect an increase in the ion-dipole
interaction at T > 45 °C as no significant evidence in the literature suggests this interaction is
affected by temperature. Finally, in the first gelation regime (T = 20 to 35 °C), the gelation is due
to both ion-dipole interaction (since the magnitude of the zeta potential increases) and PEGw-PEG.

association.

As depicted in Fig. 3.4, the ion-dipole and PEGw-PEGy, interactions rely on different regions of
the surfactant molecules. Therefore, the interactions are highly coupled and it is very difficult to
isolate the dominance between PEGw-PEGy association and the ion-dipole interaction (COO'-
PEGy). Although the two interactions are difficult to decouple and immediately unclear due to the
lack of a well-developed model, we can gain some understanding of their combined strength by
estimating the electrostatic repulsion which they must overcome to gel the suspension. Using the
zeta potential data in Fig. 3.5, we can estimate the strength of the electrostatic repulsion, €gjec, as

[138]

kT\? 1zeé
Eatoc = 327Ey5; (;) ATah? (Zﬁ) G.1)

where g, is the electric permeability of free space, €, is the dielectric constant of the continuous

73



phase (here g. of water is used for estimation), k is Boltzmann constant, T is the absolute
temperature, e is the elementary charge, z is the charge number and ¢ is the zeta potential. The
results are shown in Fig. 3.6, and reveal that the electrostatic repulsion in our system is quite weak.
Even for the strongest electrostatic repulsion, €41 is only = 0.6 kT (T > 45 °C). Moreover, as
shown in Fig. 3.1 and 3.2, the mechanical strength of this nanoemulsion gel is very weak (G’ is ~
10° to 10' Pa), as compared to other nanoemulsion gels our group has developed (G’~ 10* to 10°
Pa) where stronger attractive interactions were introduced to the nanoemulsion suspensions
[21,138,139], suggesting the competing attractive interactions (PEGw-PEGy association and ion-

dipole interaction) are also.very weak.
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Figure 3.6 The strength of the electrostatic repulsion, &, as a function of temperature using zeta potential
reported in Fig. 3.5A.

3.4.4 Effect of pH on the rheological properties

We have shown that temperature can be used to control protonation of the carboxyl group of the
surfactant on the droplet (Fig. 3.5A), and the resulting change in the electrostatic repulsion
significantly affects the rheological response of the nanoemulsion gel (Fig. 3.1 and 3.2). However,
to control the protonation of weak acids, a more straightforward way is to adjust the pH of the
system. In this section, we investigate the effect of pH on the nanoemulsion suspension by studying

the zeta potential of the droplets, rheological response and the droplet stability as a function of pH.

The zeta potential ({) of the nanoemulsion droplets as a function pH is shown in Fig. 3.5B. As

expected, { decreases (|(| increases) with increasing pH since the deprotonation of the carboxyl
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group is facilitated at the basic condition. Starting from the pristine nanoemulsion (pH = 3.1), {
stays nearly zero until the pH is elevated to 3.8, and then experiences a significant decrease when
pH > 4. This change in ( is consistent with the reported pKa of laureth-11 carboxylic acid in the
literature where the apparent pKa is determined to be = 4 using potentiometric titration [162], and
laureth-11 carboxylic acid is the major surfactant in our system. As the pH is further increased (pH
> 6), ( reaches a plateau, suggesting the deprotonation of the carboxylic acid is complete. The
magnitude of the final { from Fig. 3.5B ({ = -23 mV, the effect of pH) also suggests that only
partial deprotonation of the carboxylic acid is achieved by thermal energy (= -8 mV) as shown

in Fig. 3.5A.

We then investigated the effect of pH on the nanoemulsion rheology. The viscoelastic moduli
during a temperature ramp are shown in Fig. 3.7. It should be noted that for the pristine
nanoemulsion in Fig. 3.7, pH is 2.5, which is lower than the pH of the ‘pristine’ nanoemulsion for
the zeta potential measurement in Fig. 3.5B where the pH is 3.1. This difference is due to the
required dilution for the zeta potential measurement, in which the nanoemulsion is diluted from
12.5 wt% (Fig. 3.7) to 0.5 wt% (Fig. 3.5B). In Fig. 3.7, when pH is increased, the increase in the
G’ and G” takes place at higher temperatures, indicating a higher gelation temperature is required
when the pH is higher. Moreover, when pH is > 5, no gelation can be induced within the
experimental temperature window. The increase in pH weakens the thermally-gelling behavior of
the nanoemulsion system, and this is expected since the electrostatic repulsion from the
dissociation of the carboxylic acids plays an important role in the rheological response, as
discussed previously. Compared with temperature, pH is a more effective strategy to promote the
deprotonation of the carboxylic acid as more negative { can be obtained (Fig. 3.5B). Therefore, it

1s not surprising that pH significantly suppresses the gelling behavior.
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Figure 3.7 Effect of pH on the rheological properties of the nanoemulsion using SAOS at a fixed angular
frequency = 25 rad/s. The figure shows (A) storage modulus, G’ and (B) loss modulus, G” as a function of
temperature, T, at various pH values. pH was adjusted using NaOH.

We have to emphasize that the temperature-ramp rheology shown in Fig. 3.7 is different from the
data shown in Fig. 3.2 where the G* and G” are reported at a fixed angular frequency using
frequency-sweep measurements at various temperatures (temperature-jump). Our group has
previously studied the effect of the thermal history on the rheological properties of thermogelling
nanoemulsions in great detail, in which the temperature-ramp route can effectively build up the
strength of the gel [105]. Therefore, we did expect that there will be a difference in viscoelastic
moduli between Fig. 3.2 and Fig. 3.7 of the pristine nanoemulsion (pH = 2.5). Here the rheological
characterization using a temperature ramp is used as a strategy to conveniently obtain a quantitative

understanding of the effect of pH on the nanoemulsion rheology over a wide range of temperatures.

Finally, we studied the effect of pH on the stability of the nanoemulsion by monitoring the size of
droplets over a course of time. In this work, we used the phase inversion composition (PIC) method
to synthesize the nanoemulsion. For the PIC method, or for any low-energy method to obtain
nanoemulsions, the surfactant molecular geometry plays a crucial role in the formation of the
droplet and the stability of the oil/water interface [28]. This molecular geometry is quantified by a
quantity called packing parameter p = ar/an, where ar and ap are the cross-sectional areas of the
tail group and head group respectively. Different p values lead to different types of surfactant
packing at the oil/water interface, and hence favor different curvature of the interface. The stability
of the nanoemulsion at different pH is shown in Fig. 3.8. The pH was adjusted affer the
nanoemulsion synthesis. As shown, the increase in pH facilitates the instability of the

nanoemulsion suspensions, whereas the pristine nanoemulsion stays stable throughout the
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experimental time window. As shown in Fig. 3.5B, increasing pH leads to the deprotonation of the
carboxyl group of the surfactant on the droplets. Such deprotonation transforms the surfactant from
being non-ionic ({ = 0 at low pH) to anionic (C < 0 at higher pH), and therefore changes p. This
change in p ruptures the original packing of the surfactants at the oil/water interface, leading to an
instability of the interface and therefore the increase in the droplet size. Such instability highlights
the importance of the molecular geometry of the surfactant in stabilizing the oil/water interface,
and also suggests that in our system the increase in pH can be used as a strategy to demulsify the
nanoemulsion droplets, that can be applied in practical applications such as in cosmetics [163,164],

food industry [135,165], enhanced oil recovery [166—168] and water treatment [169].
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Figure 3.8 The stability of the nanoemulsion at room temperature as a function of pH by monitoring the
nanoemulsion droplet size over time. pH was adjusted using NaOH. See Appendix B Fig. B4 for a long-
time droplet size monitoring. The error bars are standard errors from 15 measurements.

From Fig. 3.8, we acknowledge that during the rheological characterization the size of the
nanoemulsion droplets increases for pH values greater than 2.5. Thus, trends in the pH-responsive
rheology in Fig. 3.7 are possibly convoluted with changes in droplet size. In order to decouple as
much as possible pH changes in interactions from droplet size effects, we applied a fast
temperature-ramp characterization (total measuring time =~ 20 min in Fig 3.6). Given this short
amount of time, the change of size is limited (almost negligible for pH up to 4.3) and the thermally-
gelling behavior can still take place since the droplet size is still in the nanoemulsion regime. In
prior work we have extensively studied the effect of droplet size on a different thermally-gelling

nanoemulsion system [21,138].
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3.4.5 Effect of ionic strength on the rheological properties

The charged nature of the nanoemulsion droplets suggests the possibility to tune the gel properties
using ionic strength. By screening the electrostatic repulsion using electrolytes, we expected the
gelation of the nanoemulsion can be more easily induced at elevated temperatures. We again used
the temperature-ramp rheology to study the effect of the ionic strength using sodium chloride
(NaCl), and the result is shown in Fig. 3.9. As expected, the addition of NaCl facilitates the thermal
gelation of the nanoemulsion where the increase in G’ and G” takes place at lower temperatures.
Moreover, the magnitude of the decrease in the viscoelastic moduli at the intermediate temperature
is significantly reduced as more NaCl is added (e.g. the G’ value at 30 °C for [NaCl] = 1.0 M
compared to that at = 44 °C for [NaCl] = 0 M). Such reduction in the decline of moduli supports
our proposed mechanism in which the charged carboxylate group on the droplet leads to an
increase in electrostatic repulsion that disrupts the gel network. As more NaCl is added, the
electrostatic repulsion is more greatly screened, leading to a lower gelation temperature and less

reduction in the viscoelastic moduli at intermediate temperatures.

A 402 . = T — T T B 1p2
101 L
g
= 10°
O 0 o ® NaCi=0M
i g =2 R 2
_1 3 A .. Y ™) ® NaCi=01M _1 "-':‘ O ® NaCi=01M
° E g
10 :.“ ..,. * NaCl=05M 10 ° & NaCl=05M
L ]
I T ® NaCi=10M ® NaCI=10M
2 e S ° 2 L]
10 : : - ; A ; 10" ! ; : p " .
20 25 30 35 40 45 50 55 20 25 30 35 40 45 50 55
T(°C) T(°C)

Figure 3.9 Effect of the ionic strength on the rheological properties of the nanoemulsion (pH = 2.5) using
SAOS at a fixed angular frequency = 25 rad/s. The figure shows (A) storage modulus, G* and (B) loss
modulus, G” as a function of temperature, T, with increasing ionic strengths. The ionic strength was
adjusted using NaCl as indicated in the figure.

However, even for the highest ionic strength ([NaCl] = 1.0 M), the decrease in the viscoelastic
moduli still exists. Moreover, the magnitude of the peak in the moduli is nearly the same across
the [NaCl] window, suggesting repulsive interaction is still critical. As discussed earlier, the
emergence of the electrostatic repulsion due to the thermally-triggered dissociation of the carboxyl

group is responsible for the breakdown of the gel network (Fig. 3.1 to 3.3). Therefore, we
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hypothesized the addition of NaCl also facilitates the deprotonation of the carboxylic acids. Indeed,
the effect of ionic strength on the dissociation of weak acids has been already studied in the
literature. It has been found out that the addition of electrolytes promotes the deprotonation of
various weak acids since the activity coefficients of the ionic species are highly sensitive to the
ionic strength [170—173]. This promoted dissociation due to NaCl is validated in Fig. 3.10 where
the temperature-dependent zeta potential of the nanoemulsion droplets, ¢, at elevated [NaCl] is
measured. As [NaCl] increases, the dissociation of carboxyl acids takes place at lower
temperatures and |C| at higher temperatures is also increased, which is consistent with prior studies
where the electrolytes facilitate the weak acid dissociation [170-173]. Moreover, at higher [NaCl],
{ reaches a plateau at lower temperatures. This is consistent with the rheological data in Fig. 3.9
where the minimum in moduli takes place at lower temperatures for higher [NaCl], which also
supports the proposed mechanism where the increase in electrostatic repulsion due to the weak

acid dissociation is responsible for the decrease in the viscoelastic moduli.
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Figure 3.10 Zeta potential (§) of the nanoemulsion droplets as a function of temperature (T) at elevated
ionic strength. lonic strength was adjusted using NaCl. The pH of the nanoemulsion is 3.1. The error bars
are standard errors from 30 measurements.

We also note that, as shown in Fig. 3.9, at high ionic strength (NaCl = 1.0 M), the nanoemulsion
can gel near room temperature. This early gelation is not intuitive since it seems to disagree with
the discussion on the promoted carboxylic acid dissociation. Therefore, the addition of electrolyte
must also modify the attractive interaction to induce an early onset of gelation. Indeed, prior
studies have shown that the addition of the salts facilitates the association between PEG molecules

[174—177]. The phase separation, or the cloud point, takes place at a lower temperature when more
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salts are added [174,176,177]. Therefore, in our system, the addition of NaCl enhances the
attractive interaction resulting from the PEG-PEG association between the droplets, which also
supports our proposed mechanism where the PEGw-PEGw association gives the inter-droplet
attraction in our nanoemulsion suspension. We acknowledge that the effect of the ionic strength
on the attraction and repulsion is interconnected. Future work will focus on the decoupling of the
effect of the addition of electrolytes on the nanoemulsion gelation and the contribution to both

attractive and repulsive interaction in a more quantitative fashion.

3.5 Conclusion

Building of a molecular-scale understanding of our prior thermally-gelling nanoemulsion systems
[21,138,139], in this chapter we develop a new nanoemulsion system in which the properties can
be modulated through both temperature and pH. The nanoemulsion is synthesized using a low
energy method, and the droplets are stabilized with weak acid surfactants containing poly(ethylene
glycol) segments (PEG) and carboxyl groups. The association between the PEGs and the
deprotonation of the carboxylic acids control the inter-droplet attractive and repulsive interactions.
As the temperature is increased, the viscoelastic moduli of the nanoemulsion system first increase,
then decrease and finally increase again. In a parallel fashion to the moduli trends, the gel network
also experiences an initial formation, destruction and reformation as the temperature is increased.
Such non-intuitive trends are due to attractive and repulsive interactions which both change as a
function of temperature, as validated by zeta potential measurements and comparisons to prior
research [148-151]. The dissociation of the carboxyl groups on the surfactant was further
leveraged as a strategy to tune the nanoemulsion gel rheological properties by changing the pH of
the system. Moreover, with an understanding of surfactant packing at the interface, we can further
destabilize the nanoemulsion droplets by changing the surfactant packing parameter via pH [28].
Finally, we showed that the ionic strength of the system can be used as another engineering handle

to tune the gel properties.

The presented work shows that subtle competition between attractive and repulsive interactions
determines the system’s properties, allowing researchers to design more complex nanoemulsion-
based soft matter materials. Moreover, the mechanistic understanding of the interactive potentials

at the molecular level provides various engineering strategies to manipulate the material properties.
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For example, the presented gelling nanoemulsions can be used in cosmetic products such as a skin
cream — in the bottle the nanoemulsion system is a liquid at ambient temperature with good
flowability, and the nanoemulsion can gel in contact with the skin due to a rise in temperature.
Thereafter, a change of pH due to prolonged contact with the skin can disrupt the nanoemulsion
gel network and the nano-sized droplets can then be easily absorbed into the skin [6,26].
Furthermore, the oil droplets are effective vehicles to encapsulate hydrophobic active ingredients
[9,38]. In addition, a nanoemulsion system which responds to changes in both pH and temperature
could find use in enhanced oil recovery applications where temperature and pH gradients can be
found. Future work will focus on developing skincare products using the presented nanoemulsion
system, and in developing a deeper quantitative understanding of the pairwise interactions between

nanoemulsion droplets.
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Chapter 4

Tuning Material Properties of Nanoemulsion Gels by
Sequentially Screening Electrostatic Repulsions and then
Thermally-Inducing Droplet Bridging

4.1 Overview

Nanoemulsions are widely used in applications such as food products, cosmetics, pharmaceuticals,
and enhanced oil recovery for which the ability to engineer material properties is desirable.
Moreover, nanoemulsions are emergent model colloidal systems due to the ease in synthesizing
monodisperse samples, flexibility in formulations, and tunable material properties. In this work,
we study a nanoemulsion system previously developed by our group in which gelation occurs
through thermally-induced polymer bridging of droplets. We show here that the same system can
undergo a sol-gel transition at room temperature through the addition of salt, which screens the
electrostatic interaction and allows the system to assemble via depletion attraction. We
systematically study how the addition of salt followed by a temperature jump can influence the
resulting microstructures and rheological properties of the nanoemulsion system. We show that
the salt-induced gel at room temperature can dramatically restructure when the temperature is
suddenly increased, and achieves a different gelled state. Our results offer a route to control the
material properties of an attractive colloidal system by carefully tuning the interparticle potentials
and sequentially triggering the colloidal self-assembly. The control and understanding of the
material properties can be used for designing hierarchically structured hydrogels and complex

colloidal-based materials for advanced applications.

This chapter has been adapted with permission from L. -C. Cheng, S. L. K. Vehusheia and P. S.
Doyle “Tuning Material Properties of Nanoemulsion Gels by Sequentially Screening Electrostatic

Repulsions and then Thermally-Inducing Droplet Bridging” under review
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4.2 Introduction

Colloidal gelation is an effective tool to engineer material properties. By properly inducing the
gelation of colloidal suspensions, one can precisely modulate the macroscopic properties and
create complex microstructures [1]. For example, colloidal suspensions that undergo gelation can
be used as rheology modifiers [14] or ingredients in pharmaceutical [24,102,178] and food
products [99,179], and the complex structures can be used as scaffolds in tissue engineering [3,4]
or porous material design [5]. Among a diverse set of colloidal suspensions, nanoemulsions have
been an emerging model colloidal system for studying aspects of colloidal gel systems [6].
Nanoemulsions are liquid-liquid suspensions (e.g. oil droplets suspended in water) where the
droplet size is on the order of 100 nm. The ease of nanoemulsion synthesis and the great flexibility
in their formulations allow one to engineer the inter-droplet potentials and thus to rationally tune
the material microstructures and associated macroscopic properties [8]. Therefore, gelling
nanoemulsions have attracted much attention in both fundamental studies [15.25,138] and practical

applications [9,26,33].

Several strategies have been applied to induce the gelation of nanoemulsions. One common
approach to trigger the gelation is by depletion interaction. By adding non-adsorbing molecules
into the continuous phase of the nanoemulsions, the molecules are excluded from the vicinity of
the droplets due to the increase of entropy [17,122,180]. Such exclusion gives rise to an imbalance
in the osmotic pressure, leading to a net attractive interaction between the droplets and ultimately
gelation of the system. Different types of non-adsorbing depletant molecules such as polymers
[9,138] and surfactant micelles [51,52] have been employed to induce the self-assembly and
gelation of nanoemulsions. Another well-known approach to obtain gelling nanoemulsions is to
modulate the effective range of the inter-droplet electrostatic repulsion [10,15,31]. By adding
electrolytes to the charged-stabilized nanoemulsions (e.g. stabilized by ionic surfactants), the ions
from the dissociating electrolytes screen the electrostatic repulsion by decreasing the Debye length
[22,75]. If enough electrolytes are added into the nanoemulsions, a secondary minimum can be
obtained in the pairwise interactive potentials and the system can self-assemble and eventually gel
[10,31]. Recently, our group has designed another gelling nanoemulsion mechanism in which the
gelation is responsive to an increase in temperature [21,98]. In this approach, telechelic oligomers
are added to the continuous phase and their hydrophobic end groups will preferentially partition

into the oil domains upon an increase in temperature, resulting in inter-droplet bridging. The

83



polymer bridging acts as an effective attractive force between the droplets and ultimately gives

rise to gelation at high enough temperatures.

Overall, for the works discussed above, the gelation is induced by a single gelation route (i.e. pure
depletion, electrolyte screening or droplet bridging). To obtain more diverse material behaviors, a
sequential application of different gelation routes to the nanoemulsion can be beneficial. Inspired
by the aforementioned studies and associated gelling mechanisms, in this work we revisit our
thermally-gelling nanoemulsions and study their material behaviors when sequentially tuning the
droplet interactions — first screening the electrostatic repulsion and then inducing the droplet
bridging. The nanoemulsion studied here consists of polydimethylsiloxane (PDMS) nano-droplets
suspended in an aqueous continuous phase containing poly(ethylene glycol) diacrylate (PEGDA).
PEGDA is then the thermally-triggered telechelic polymer bridging agent where the PEG segment
is the hydrophilic backbone and the acrylate groups at the ends are the hydrophobic moieties. The
PDMS nano-droplets are stabilized by an anionic surfactant sodium dodecyl sulfate (SDS), which
provides a charged nature of the droplets that allows us to screen the electrostatic repulsion by

adding electrolytes into the system.

To carry out the study, we first added the electrolyte (sodium chloride, NaCl) to the nanoemulsion
system to induce the first-stage gelation by screening the electrostatic repulsion. We showed that
the system can undergo a sol-gel transition at room temperature with a small amount of NaCl,
similar to prior published studies [7,10,76]. We quantitatively investigated the system by
calculating the inter-droplet pairwise interactions under the effect of the screened electrostatic
repulsion. We discovered that the non-adsorbing PEGDA (since the bridging is not induced at
room temperature) gives rise to a significant depletion attraction, and thus a slight increase in the
ionic strength can result in gelation of the system. After pre-conditioning the nanoemulsion with
NaCl at room temperature, we then increased the temperature to induce PEGDA droplet bridging.
Our results show a non-intuitive trend in the material properties in which a stronger gel is not
necessarily obtained with this ‘two-stage’ gelation. We also showed that the screening of
electrostatic repulsions at room temperature in the first step has a considerable influence on the
subsequent nanoemulsion microstructures and the associated rheological properties at elevated
temperatures. We then used the established pairwise interactive potential and the dynamics of the

thermal gelation to explain the trends in material behavior under the sequential application of
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stimuli. Our results suggest that sequential droplet self-assembly can be an effective tool to
engineer properties of colloid-based materials, and an understanding of the molecular behavior of

the constituents is critical for designing self-assembling systems.

4.3 Materials and methods

4.3.1 Materials

Polydimethylsiloxane (PDMS, viscosity = 5 ¢St), sodium dodecyl sulfate (SDS), poly(ethylene
glycol) diacrylate (PEGDA, M, = 700 g mol™), sodium chloride (NaCl), lipophilic dye PKH26
(excitation and emission wavelengths Aex/Aem = 551/567 nm) and photoinitiator 2-hydroxy-2-
methylpropiophenone (Darocur 1173) were purchased from Sigma-Aldrich. All chemicals were

used without further purification.

4.3.2 Nanoemulsion synthesis

The nanoemulsion studied in this work consists of a disperse phase PDMS of a volume fraction ¢
= 0.15 (droplet diameter = 36 nm with polydispersity = 0.18) suspended in a continuous phase
composed of PEGDA of a volume fraction = 0.33 and SDS. The total concentration of SDS is
0.175 M. The concentration of NaCl is adjusted by adding NaCl into the nanoemulsion after the

synthesis.

The nanoemulsion was synthesized using a high-pressure homogenizer (EmulsiFlex-C3, Avestin)
[21,33,98,143]. Before the homogenization, a pre-emulsion was first prepared by adding PDMS
into a pre-mixed continuous phase consisting of de-ionized water, SDS and PEGDA. The mixture
was stirred using magnetic stirring with a speed of 700 rpm. Stirring was maintained for 15 min
and no macroscopic phase separation was observed. The pre-emulsion was subsequently processed
into nanoemulsions using high-pressure homogenization at a pressure of 18 kpsi for 16 passes. The
emulsion was cooled to 4 °C between each pass and the final nanoemulsion (pure nanoemulsion
without addition of NaCl) was stored at 4 °C until further use. NaCl with different target
concentrations was then added to the pure nanoemulsion and mixed by vortexing immediately
before the characterization. The small amount of NaCl added has a negligible effect on the volume

fraction of the nanoemulsions.
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The size of nanoemulsions was measured using dynamic light scattering (90Plus PALS,
Brookhaven Instruments). Before the measurement, the nanoemulsion was diluted from ¢ = 0.15

to ¢ = 0.002 using an aqueous diluting agent composed of PEGDA of a volume fraction = 0.33.

4.3.3 Rheological measurements

All rheological measurements were conducted using a stress-controlled rheometer (DHR-3, TA
instrument) equipped with a 1° 60mm aluminum upper-cone and a Peltier lower-plate to control
the sample temperature. For each measurement, the nanoemulsion was loaded onto the lower plate
at 20 °C. To minimize evaporation, a wetted solvent trap was used and a few drops of de-ionized
water were added on the top of the upper-cone. Before each measurement, a rejuvenation step was
performed by applying constant shear at a shear rate of 2500 s™ for 60 seconds followed by a 10-
minute period where the sample remained quiescent at T = 20.0 °C. By studying the flow curves
of the nanoemulsions, we showed that at such a high shear rate the gel structure appears to be
broken down, especially for nanoemulsions with added salt for which the gelation is induced by
screening the electrostatic repulsion (Appendix C Fig. C1). The gel structure can then be recovered
after 10 minutes by monitoring the viscoelastic moduli (Appendix C Fig. C2). Our rejuvenation
protocol using high shear rates is consistent with prior work by Wilking et al. [31] who studied the

rheology-structure relation of nanoemulsion gels.

The frequency sweep measurements were then performed after the rejuvenation step. Small-
amplitude oscillatory shear (SAOS) was applied to measure the dynamic viscoelastic modulus at
a shear strain = 0.05% with angular frequency @ = 1 to 200 rad s™'. For the measurements at
different temperatures, the sample was raised from T = 20.0 °C to the target temperature and then
remained quiescent for 10 minutes before applying SAOS. Freshly loaded nanoemulsion was used

for each measurement.

4.3.4 Confocal microscopy
Direct visualization of the nanoemulsion microstructures under different conditions was performed
using a confocal microscope (LSM 700, Zeiss) equipped with a 63X oil-immersion objective

(numerical aperture = 1.4). To prepare the sample for imaging, 1 vol% of fluorescent dye and 1
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vol% of photo-initiator were mixed with the nanoemulsion sample by vortexing for 60 seconds. It
has been shown in our previous work that the addition of these chemicals has a negligible effect
on the microstructures [101,105]. Subsequently, 150 pL. of the mixture was loaded into a glass
chamber (Lab-Tek™ #155411, Thermo Fisher Scientific) and followed by a 10-minute period
where the sample remained quiescent at T = 20.0 °C. For the samples at elevated temperatures, the
mixture was placed in the oven at the target T for 10 minutes. The sample was subsequently
exposed to UV light (A = 365 nm) for 50 seconds in the oven. The crosslinking of the excess
PEGDA in the continuous phase then locked the assembled microstructure in place, allowing for

confocal imaging at room temperature [101,105,143].

4.4 Results and discussion

Fig. 4.1 summarizes the different routes to induce self-assembly and gelation of the nanoemulsion
studied in this work. We start with the thermal gelation of the nanoemulsion via PEGDA bridging.
Afterward, we study the effect of electrolyte screening on the material properties by adding NaCl
into the nanoemulsion suspension. Finally, we study the material behavior by sequentially
inducing the screening of electrostatic repulsion via the addition of NaCl and then the PEGDA

bridging via the increase in temperature. The material behavior is characterized by rheometry and

confocal microscopy.

@ SDS-stabilized PDMS droplets

~s PEGDA 4\[’*\/1\)\/

@@ Na*Cl

Figure 4.1 Schematic of the gelation routes studied in this work. Upper route: thermal gelation via PEGDA
bridging at elevated temperatures. Lower route: sequentially screening of electrostatic repulsion by adding
NaCl and then inducing thermal bridging with PEGDA bridging.
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4.4.1 Thermally-gelling nanoemulsions via PEGDA droplet bridging

Here, we briefly introduce the thermally-triggered PEGDA droplet bridging, and the associated
nanoemulsion rheology and microstructures. Readers interested in more detailed studies of this
thermally-gelling nanoemulsion system are referred to the previous works by our group
[21,98,101,105,143]. As depicted in Fig. 4.1, the thermally-gelling nanoemulsion is a result of the
inter-droplet bridging via PEGDA molecules. At elevated temperatures, the acrylate groups at the
termini of PEGDA become increasingly hydrophobic and partition into the oil/water interface,
leading to droplet bridging [21]. The linear viscoelastic moduli (storage modulus G’ and loss
modulus G”) and the associated microstructures of the nanoemulsions at elevated temperatures are
shown in Fig. 4.2. At room temperature (T = 20.0 °C), the nanoemulsion shows a liquid-like
behavior in which G* ~ ®” and G” ~ @' (Fig. 4.1A) [2], and no assembled structure is observed by
confocal microscopy (Fig. 4.1B). Upon increasing the temperature, G* and G” increase, and the
system undergoes a sol-gel transition between T = 30.0 °C and 32.5 °C, upon which G’ is greater
than G” and the system behaves as a viscoelastic solid. The increase in the mechanical strength
results from the assembled gel network. As shown in Fig. 4.1B, at elevated temperatures, the
nanoemulsion droplets first assemble into cluster aggregates (T = 30.0 °C) and then a sparse gel
network is formed (T = 32.5 °C) [101,181]. When the temperature is further increased, a more
well-connected and space-filling network is formed. The gelling nanoemulsion shows a classic
arrested phase separation behavior in which the microstructure shows the bi-continuous phases
composed of droplet-rich domains (fluorescence region) and droplet-lean domains (dark regime),
and the network is denser when the attraction is stronger (i.e. the temperature is higher in our

system) [91,104,128].
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Figure 4.2 Rheological response and the associated microstructures of the nanoemulsion at elevated
temperatures. [NaCl] = 0 M. (A) Linear viscoelastic moduli (closed symbols are storage moduli G’, open
symbols are loss moduli G”) as a function of angular frequency ®. (B) The microstructure of the assembled
nanoemulsions at elevated temperatures. The droplets are fluorescently labeled using a lipophilic dye and
imaged using confocal microscopy. Scale bars = 10 pm.

4.4.2 Screening of electrostatic repulsion via NaCl

For charge-stabilized colloidal suspensions, it is widely known that one can induce colloidal
assembly and gelation by addition of an electrolyte to screen the inter-particle electrostatic
repulsion [22,75]. Since our nanoemulsion is stabilized by ionic surfactants (SDS), we expect the
same screening effect can take place in our system. Fig. 4.3 shows the rheological response and
the associated microstructure of the nanoemulsion at different concentrations of added NaCl,
[NaCl], at T = 20.0 °C. As anticipated, the gelation of nanoemulsions can be successfully induced
by increasing [NaCl] in the suspension. When [NaCl] <0.01 M, the nanoemulsion shows a liquid-
like behavior where G* ~ ©* and G” ~ o' (Fig. 4.3A), although a few aggregates composed of
nanoemulsion droplets are induced at [NaCl] = 0.01 M. When [NaCl] is further increased, the
viscoelastic moduli significantly increase and more aggregates are induced, which eventually span
the space and give rise to a solid-like behavior of the material. Compared to the gelation induced
by PEGDA bridging, the salt-induced gelation results in a weaker gel (Fig. 4.2A versus Fig. 4.3A)

and a more open gel network (Fig. 4.2B versus Fig. 4.3B).
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Figure 4.3 Rheological response and the associated microstructures of the nanoemulsion at various values
of added salt [NaCl], at T =20.0 °C. (A) Linear viscoelastic moduli (closed symbols are storage moduli G’,
open symbols are loss moduli G”) as a function of angular frequency w. (B) The microstructure of the
assembled nanoemulsions at various values of added salt [NaCl]. Scale bars = 10 um.
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Interestingly, we note that the salt concentration needed to induce gelation is quite low in our
system ([NaCl] ~ 0.01 to 0.1M), as compared to other investigations where SDS-stabilized PDMS
nanoemulsions were also studied ([NaCl] ~ 0.1 to 1M) [15.31]. Moreover, even a slight variation
in [NaCl] can give rise to a significant change in the suspension rheology and associated
microstructures. We proposed two effects that are responsible for such sensitivity to added salts.
First, at room temperature where PEGDA droplet bridging is not induced, the non-associating
PEGDA acts as a depletant in the system that gives to an attractive interaction with a strength =
15.5 kT, where k is Boltzmann constant and T is the absolute temperature (the calculation will be
discussed in detail in the next section). The addition of salt screens the electrostatic repulsion and
then makes the strong depletion attraction easily dominate. Second, the length scales associated
with the range of these interactions also play an important role. For electrostatic repulsion, the
effective length scale is characterized by the Debye length [22,75], k~*. and the results are shown
in Table 4.1. Details of the calculation will be discussed in the next section. Because an excess of
SDS is added to facilitate the nanoemulsion synthesis, there is already a large concentration of
charged species in the continuous phase even without added NaCl. Therefore, k~1is 0.71 nm for
[NaCl] =0 M. On the other hand, for depletion interaction the range of the interaction is determined
by the size of the depletant [17] — here the radius gyration (Rg) of PEGDA is approximately 0.7
nm [132]. As can be seen, the range of the attractive and repulsive interactions are comparable,

and a slight decrease in k! can easily make the depletion attraction dominant in the system.
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Table 4.1 Dielectric constant, k1, at various concentration of NaCl, [NaCl].

[NaCl] (M) k™1 (nm)
0 0.71
0.01 0.68
0.02 0.66
0.03 0.64
0.05 0.60
0.07 0.57

4.4.3 Estimation of interactive potentials

To support the discussion in the last section, we present here a quantitative description of the
interactions involved in the nanoemulsion system. We consider the scenario shown in Fig. 4.4A
where the system is composed of charged-stabilized nanoemulsion droplets, non-adsorbing
PEGDA, SDS micelles, sodium ions and chloride ions. The schematic diagram in Fig. 4.4A then
describes the scenario of the salt-added nanoemulsion at room temperature and with no PEGDA
droplet bridging. Estimation of the pairwise interactive potentials follows the methodology
developed in our prior work [138] which has been shown to successfully describe the interactive
potentials of a similar gelling nanoemulsion system. As shown in Fig. 4.4A, the overall pairwise
interaction between droplets has contributions from screened electrostatic repulsion, depletion
attraction arising from both PEGDA molecules and SDS micelles in the continuous phase, and van

der Waals interaction. Next, we briefly summarize how to estimate each interaction.

4.4.3.1 Electrostatic repulsion

The electrostatic repulsion, Uy, is estimated using the Yukawa potential [22,75],

2a
Uciec = Eelec _r_e—x(r—Za) (4.1)
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where a and r are the radius and the center-to-center distance of nanoemulsion droplets

respectively. k! is the Debye length and is calculated as followed,

kT
K= J i (4.2)

1000e2N, Y, z2 M;

where g, is the electric permeability of free space, k is Boltzmann constant, T is the absolute
tempeature, e is the elementary charge, N, is Avogadro's number, z; is the charge number (= 1
since both NaCl and SDS are monovalent) and M; is the molar concentration. M; is determined by
the molar concentration of added NaCl and the remaining free [SDS] in the continuous phase that
is estimated by considering the area of SDS occupied on the oil droplet (= 0.617 nm?*/molecule)
[182]. €, is the dielectric constant of the continuous phase, which is calculated by considering the
dielectric constants of water [115] and PEGDA. The dielectric constant of PEGDA is estimated
from the dielectric constant of PEG backbone (g, pgg = 14.5) [116]. €, is then calculated using the
mixing rule, for which the deviation from the measured value has shown to be negligible at the

high PEG concentration regime such as the case in our system [117].

The strength of the electrostaic repulsion, e, is calcuated using the following equation [22,75],

kT\? 1zeé
et o b (E) atanh? (Zk_T) (4.3)
which is obtained from Gouy-Chapman solution to Poisson-Boltzmann equation with the
superposition assumption and Derjaguin approximation. The zeta potential, ¢, of the nanoemulsion

droplets is -44.3 mV and is measured using a Zetasizer (Brookhaven Instruments 90Plus PALS).

4.4.3.2 PEGDA depletion
The PEGDA depletion is estimated from Asakura-Oosawa potential [17,122],

edep(a+6p)31 3y 1( r )3l

Udep:_ a+6p

e = (4.4
55(3Ta+5p) 4a+6p 16 )

when 2a <r < 2(a+ Sp). To consider the polymeric nature of PEGDA (instead of simple hard-

shperes), we use the ideal polymer assumption. Therefore, an additional configurational entropy
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from the polymeric depletants contributes to the depletion strength, €4, and the interaction range,

8p [17]. €4ep and &p are then estimated as

a

Eaep = bp73In2 (4.5)
g

& = V2In2R, (4.6)

where ¢, is the PEGDA volume fraction and Ry is the radius of gyration of PEGDA (= 0.7 nm)
[132]. For the estimation of the potential, we assumed the morphology of the PEGDA is

independent of the [NaCl], since not a large amount of NaCl is added into the system. Therefore,

in our calculations we assume the PEGDA depletion remains constant for all values of [NaCl].
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Figure 4.4 Estimates interaction potentials at various [NaClJof the nanoemulsion at T = 20 °C. (A)
Schematic of the system used for estimating the interaction potentials. A total of four interactions were
considered: screened electrostatic repulsions, depletion by PEGDA, depletion by SDS micelles, and van
der Waals interaction. (B) Contributions to the potential at [NaCl] =0 M and T = 20 °C from depletion by
PEGDA, depletion by SDS micelles, electrostatic repulsion, and van der Waals (VDW) interaction. (C)
Overall interaction potential at various values of added [NaCl] at T = 20 °C.
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4.4.3.3 SDS micelle depletion
Depletion by SDS micelles is also estimated by the Asakura-Oosawa potential. Assuming micelles

. behave like hard-spheres, the micelle depletion is calculated as follows [17,52,123],

na 2
Uaep = ~ECnkT) (5 (dmesr — (r — 2)) ) (47)
when 2a <1 < 2a + d,y, ¢55 . and

1t merr + Prrerr — Pomers
= 3
(1 = qu,eff)

where ¢, ¢ is the effective volume fraction of micelles by considering the Debye layer [7] and

(4.8)

is calculated as

AT (dierr\ 4r (dpy + 271\’
‘pm,eff:?( mzeff) Cm:?(—m > ) G (4.9)

C,, is the concentration of micelles and is calculated as

(Co it Cads - CCMC)NA

Nagg

Cn = (4.10)

where C, is the total concentration of SDS, Cg4 is the concentration of SDS adsorbed on the
droplets for stabilization by considering the area of SDS occupied on the oil droplet (0.617
nm?/molecule) [182], Ccpc is the critical micelle concentration (= 8 mM) [110,124,125], and Nogg
is the micelle aggregation number (= 60) [110,124,125]. For the estimation, we assume the

morphology of the micelles is independent of [NaCl].

4.4.3.4 Van der Waals interaction

Van der Waals interaction is estimated as follows [22],

—Aa

by assuming a uniform droplet size and Derjaguin approximation is used. Here, A = 3.3 X 10722]

is the Hamaker constant of PDMS-water-PDMS [126.127].
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4.4.3.5 Overall pairwise interaction potentials

Fig. 4.4B shows the resulting contribution from each interaction to the overall interaction at T =
20.0 °C and [NaCl] = 0 M. In this system, the repulsion comes from the electrostatic repulsion
provided by the charged SDS on the nanoemulsion droplets, and the major attraction comes from
the PEGDA depletion via the free PEGDA in the continuous phase. Although PEGDA provides a
significant depletion attraction with a strength = 15.5 kT, the even stronger electrostatic repulsion
dominates the interaction. Therefore, no minimum in the overall pairwise interaction is observed
and no self-assembly is induced. Although the electrostatic repulsion prevails in the system at T =
20.0 °C and [NaCl] = 0 M, the addition of electrolytes can effectively screen the electrostatic
repulsion by decreasing its characteristic length scale (i.e. Debye length, k1), leading to a local
minimum in the interactive potential. Fig. 4.4C shows the result of the interactive potential at
increasing [NaCl] at T = 20.0 °C. As can be observed, a local minimum is induced when NaCl is
added, and the depth of the minimum is greater when more NaCl is added. Moreover, the overall
pairwise interaction captures the material property trends of the nanoemulsions seen in Fig. 4.3.
When the ionic strength increases for [NaCl] < 0.02 M, a shallow minimum emerges, and few
small aggregates are observed in the system. As the ionic strength is further increased for [NaCl]
> 0.03 M, larger aggregates are formed and eventually a spanning network is established, and the

nanoemulsion turns into a viscoelastic solid (Fig. 4.3A).

4.4.4 Sequentially triggering electrostatic screening and then PEGDA bridging
Having established a quantitative understanding of the nanoemulsion behavior under the effect of
electrolyte screening, we now sequentially trigger the PEGDA droplet bridging by increasing the

temperature of the system, as depicted by the bottom route in Fig. 4.1.

Fig. 4.5 shows the microstructures resulting from this sequential assembly process. Again, in this
work, we first increase the ionic strength of the system at T = 20.0 °C (as shown in the bottom row
of Fig. 4.5) and then increase the temperature to induce the PEGDA droplet bridging (moving
vertically upwards from the bottom of Fig. 4.5). We chose the temperatures for these studies to be
32.5 °C and 45.0 °C to represent the point near (right above) the gelation point of the pure system
([NaCl = 0 M) and the point where the gel network is well-established due to the thermal PEGDA

droplet bridging, respectively. Generally, as more NaCl is added, at elevated temperatures there
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are more remnants from the salt-induced structure at T = 20.0 °C, even though stronger PEGDA
droplet bridging is induced at T = 45.0 °C. In other words, when [NaCl] is higher at T = 20.0 °C,
the nanoemulsion is more difficult to rearrange its assembled structures at this low temperature via

subsequent thermally-induced PEGDA bridging.

pure 0.01M 0.02M 0.03M 0.05 M 0.07 M

Figure 4.5 Microstructures of the nanoemulsion observed after sequentially screening the electrostatic
repulsion, and then inducing PEGDA thermal bridging of droplets. Scale bars = 10 um.

45.0°C

32.5°C

20.0°C

For [NaCl] <0.02 M, the microstructures across the experimental [NaCl] window are similar at T
= 45.0 °C regardless of [NaCl]. However, the nanoemulsions with added salt display a more
established network of thick strands at T = 32.5 °C. Trends in the microstructures can be
quantitatively analyzed by calculating the characteristic length, Lc, of the structure by applying a
fast Fourier transform to the confocal images and then calculating the correlation length from the
scattering spectrum [32.,91,101,105,143]. The results for the calculated L¢ are shown in Fig. 4.6.
For [NaCl] <0.02 M, Lc¢ at T = 32.5 °C decreases with increasing [NaCl], corresponding to the
increase in the number of thick strands seen in the confocal images. On the other hand, at T =
45.0 °C Lc stays nearly constant over this [NaCl] window, suggesting a similar gel network is
obtained. However, for [NaCl] > 0.03 M, more remnants from the salt-induced structure at T =
20.0 °C are observed at elevated temperatures. At T = 32.5 °C and 45.0 °C, it can be easily
observed that there are large aggregates incorporated into the gel network, and the number and the

size of the aggregates are larger when [NaCl] is higher. These trends are also observed in Fig. 4.6
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for [NaCl] > 0.03 M where Lc increases as [NaCl] is increased at T = 32.5 °C and 45.0 °C.

20

—4-20.0 °c|]
=4-325°C
—4-45.0 °C

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
[NaCI] (M)

Figure 4.6 Correlation length, Lc, calculated from images in Fig. 5 as a function of [NaCl] for three different
temperatures. Lc of images for [NaCl] <0.03 M at T = 20 °C cannot be characterized. Error bars are standard
errors from 20 images.

The viscoelastic moduli under each condition are also measured, and the results are shown in Fig.
4.7. Interestingly, the rheological data shows the trend that a stronger gel is not necessarily
obtained with added NaCl even though the gelation is ‘pre-induced’ with the addition of NaCl at
room temperature. This non-intuitive trend can be more clearly seen in Fig. 4.8 where the G’ at an
intermediate angular frequency (o = 10 rad s') from Fig. 4.7 is plotted as a function of [NaCl] for
the three temperatures. For T =20.0 °C (no PEGDA droplet bridging is induced), the gel is stronger
when more NaCl is added. However, when the temperature is increased to T = 45.0 °C, the gel is
weaker when more NaCl is added at T = 20.0 °C, even though the system starts with a ‘pre-gel’
state with non-negligible mechanical strength. For T = 32.5 °C, the gel strength increases first
when the nanoemulsion starts with a low concentration of NaCl for [NaCl] < 0.03 M, and G’

decreases when [NaCl] is further increased.

We believe two reasons are responsible for this non-intuitive trend in the microstructures and the
rheological response. The first reason is related to the depth of the secondary minimum induced
by the increased [NaCl] at T =20.0 °C (Fig. 4.4C). When [NaCl] is higher, the secondary minimum
1s deeper. For the structure to be rearranged as the temperature is increased, the system needs to
escape from this minimum and undergo the PEGDA droplet bridging. Therefore, it is reasonable
that with increasing [NaCl] there are more remnants of the salt-induced structures at T = 20.0 °C
observed at the higher temperatures (Fig. 4.5). The same mechanism applies to the rheological

behavior in Fig. 4.8. In the analysis in Section 4.4.3 and Fig. 4.4 where the effect of NaCl screening
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at T = 20.0 °C is discussed, it is shown that the PEGDA depletion plays an important role. At T =
20.0 °C, PEGDA droplet bridging is not induced and these non-adsorbing PEGDA polymers
behave as depletants in the system. Because the depletion is a result of increased osmotic pressure
[17], the depletants are excluded outside the aggregated colloids when the clusters and gel network
are formed [1]. In our study, the PEGDA plays the role of both depletant and thermally-triggered
droplet bridging agent (at T = 32.5 °C and 45.0 °C). When the salt-induced structures are more
difficult to be reconstructed (at increased [NaCl]), PEGDA cannot easily enter between droplets
and undergo bridging. Moreover, from the previous discussion in Section 4.4.1 and 4.4.2 as well
as in Fig. 4.8, it can be observed that a weak gel is obtained by pure electrolyte screening (blue
datain Fig. 4.8 at T = 20.0 °C) compared to the pure thermally bridging (red and black data in Fig.
4.8 at [NaCl] = 0 M). Therefore, when [NaCl] is high, the salt-induced aggregation is strong
enough to stay intact when the temperature is increased. Under these conditions, the system has
difficulty rearranging, the effect of PEGDA bridging is diminished, and hence a weaker gel results
(black data in Fig. 4.8).
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Figure 4.7 Linear viscoelastic moduli (closed symbols = G’, open symbols = G”) as a function of angular
frequency, ®, of the nanoemulsion after sequentially screening the electrostatic repulsion via added salt,
and then thermally induced bridging of droplet by PEGDA.
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Figure 4.8 Storage modulus, G” (at ® = 10 rad s™), as a function of [NaCl] for three temperatures. Data is
from Fig. 4.7.

The second reason explaining the trends in microstructures and rheology relates to the dynamics
of the PEGDA bridging-induced gelation. It can be noticed that the first reason as just discussed
(the depth of the minimum in the pairwise interactive potentials and the mechanism of PEGDA
depletion and bridging) describes well the material behavior at T = 45.0 °C (and at T = 32.5 °C for
[NaCl] > 0.03 M) where both microstructure and rheology have a monotonic trend — Lc¢
monotonically increases (Fig. 4.6) and G’ monotonically decreases (Fig. 4.8) when the
nanoemulsion is preconditioned with higher [NaCl]. However, for T = 32.5 °C, a non-monotonic
trend is observed, Lc first decreases then increases and G’ first increases then decreases when the
nanoemulsion is preconditioned with higher [NaCl]. We believe this is due to the dynamics of the
gelation via PEGDA bridging. In our prior works, we have shown that under the thermally-
triggered PEGDA bridging, the gelation of nanoemulsions undergoes a spinodal decomposition
and then the structure is dynamically arrested [105,143]. Under this gelation route, a stronger
attraction (i.e. PEGDA bridging at higher temperatures) gives rise to an earlier arrest and stops the
network coarsening [11,129,183]. This behavior can be characterized by measuring the
viscoelastic moduli with time at different temperatures (Appendix C Fig. C3) where at T =45.0 °C
the moduli reach a plateau after t = 400 seconds, while at T = 32.5 °C the moduli still increase with
time over the experimental window (t = 600 sec). In other words, the large-scale structural
reconstruction of the salt-induced structure is suppressed at high temperatures, as the strong
PEGDA bridging can more effectively dynamically arrest the gel network, while at lower
temperatures the system can more effectively take advantage of the ‘pre-gel’ structures induced

by added salt and undergo the structural reconstruction. Therefore, compared to the nanoemulsion
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at T = 45.0 °C, the rearrangement is more prominent for T = 32.5 °C for [NaCl] <0.03 M as L¢
decreases (Fig. 4.6) and G’ increases (Fig. 4.8) with [NaCl]. Such rearrangement can be also
visually observed from the microstructures shown in Fig. 4.5. At T = 32.5 °C, the gel network
coexists with freely-suspending clusters. We have shown in our prior work that such coexistent
structures are a characteristic of the thermally-gelling nanoemulsion near the critical gelation
temperature [101,105]. This observation serves a strong evidence that the PEGDA bridging-
induced reconstruction takes place, and the formation of clusters can be used as a qualitative scale
to evaluate how effectively the thermally-triggered PEGDA bridging rearranges the assembled
network. As more [NaCl] is added at T = 20.0 °C, fewer clusters are observed and a more well-
connected gel network is formed. When [NaCl] is above 0.03 M, the coexisting clusters at T =
32.5 °C cannot be observed, and the trend of material properties at T = 32.5 °C follows the trend
of those at T = 45.0 °C, and again we believe it is due to the depth of the minimum is too deep for

the system to reconstruct itself, as we described above.

4.5 Conclusion

In this work, we introduce an approach to modulate the microstructures and the rheological
properties of a nanoemulsion suspension by sequentially screening the electrostatic repulsion and
then thermally triggering the droplet bridging. We revisited the nanoemulsion system developed
in our group previously and carefully studied the inter-droplet interaction from each constituent in
the system. By calculating the pairwise interactions, we found that the non-associating PEGDA
contributes to a significant depletion interaction, and the nanoemulsion system can undergo a sol-
gel transition at room temperature by screening the electrostatic repulsion with the addition of
NaCl. By subsequently inducing the PEGDA droplet bridging via an increase in temperature, we
show that the system can restructure and reach a different gelled state. We then used the established
pairwise interactive potential and the dynamics of the thermal gelation to explain the trend in
material behavior under the sequential application of stimuli. Our results suggest that the first
screening of the electrostatic repulsion can be used as an effective strategy to template the structure
of the nanoemulsion system and the second thermally bridging can then consolidate the gel
network. Moreover, our discussion highlights that a quantitative understanding of the inter-droplet

interaction is required to understand the behavior of the system. The future work will then focus
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on establishing the pairwise interaction of the thermally-bridging mechanism from first principles
and applying simulations to better understand the system on the colloidal scale and the associated
dynamics. Overall, here by understanding the self-assembly of the system at the molecular level,
this work provides guidance to the design of colloid-based materials with complex microstructures

by carefully applying the stimuli to the system.
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Chapter S

Thermal Processing of Thermogelling Nanoemulsions as a
Route to Tune Material Properties

5.1 Overview

Many soft matter systems have properties which depend on their processing history. It is generally
accepted that material properties can be finely tuned by carefully directing self-assembly. However,
for gelling colloidal systems, it is difficult to characterize such path-dependent effects since the
colloidal attraction is often provided by adding another component to the system such as salts or
depletants. Therefore, studies of and an understanding of the role of processing on the material
properties of attractive colloidal systems are largely lacking. In this chapter, we systematically
studied how processing greatly influences the properties and the microstructures of model
attractive colloidal systems. We perform experiments using a thermogelling nanoemulsion as a
model system where the isotropic attraction can be precisely tuned via the temperature. The effects
of processing conditions on gel formation and properties is tested by performing well-designed
sequential temperature jumps. By properly controlling the thermal history, we demonstrate that
properties of colloidal gels can be beyond the limit set by direct quenching, which has been a major
focus in literature, and that otherwise slow aging of the system associated with a decrease in
elasticity can be prevented. Our results provide new experimental evidence of path-dependent
rheology and associated microstructures in attractive colloidal systems and provide guidance to

future applications in manufacturing complex colloid-based materials.

This chapter has been adapted with permission from L. -C. Cheng, P. D. Godfrin, J. W. Swan and
P. S. Doyle “Thermal Processing of Thermogelling Nanoemulsions as a Route to Tune Material

Properties” Soft Matter 2018, 14, 5604-5614. Copyright 2018 Royal Society of Chemistry.

5.2 Introduction

Properties of many materials are affected by how they are processed. Perhaps the oldest and most
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common example is metal forging: after the metal is shaped into the desired geometry, it is
subsequently heated and maintained at an elevated temperature, and then cooled (quenched) to
achieve the final state. This intermediate step, known as thermal annealing, allows the metallic
atoms to relocate themselves and form specific microstructures. By manipulating time and
temperature, annealing can effectively alter mechanical properties of the metallic materials, such
as ductility and toughness [184,185]. Such thermal treatments can be also used in glasses or
ceramic materials to remove internal stresses and prevent material failure [184]. In modern
technology, thermal annealing is also important in semiconductor manufacturing. Thermal
treatment significantly improves the electric [186], optical [187,188], magnetic [189] and
mechanical properties [190]. Annealing can be also applied to graphene-based materials to

improve mechanical strength and electric conductivity due to improved atomic ordering [191].

In addition to hard condensed matter, (thermal) processing can also be applied to soft matter. Kim
et al. found that poly(isoprene)-b-poly(lactide) copolymer melts can form aperiodic
quasicrystalline states that are commonly found in metal alloys [192]. By rapidly quenching the
copolymer melt from the disordered state using liquid nitrogen, then reheating it to T < Topr
(where Topr is the order-disorder transition temperature), the self-assembled polymer micelles can
form hexagonal C14 and cubic C15 Laves phases. She ef al studied the self-assembly of
polystyrene-b-poly(L-lactide) copolymer thin films grafted on silicon wafers [193]. By thermally
annealing the polymer film, large-scale perpendicular cylinder structures could be obtained.
Moreover, such alignment of block copolymer films can also be controlled via an electric field.
Olszowka et al. applied an in-plane electric field to process a triblock copolymer thin film
composed of polystyrene-b-poly(2-hydroxyethyl methacrylate)-b-poly(methyl methacrylate)
copolymer [194]. A highly ordered stripe pattern perpendicular to the film plane could be achieved.
Lu et al. studied how thermal processing controls polyamide 66/clay nanocomposite crystals [195].
By carefully controlling the thermal history (melt, slow cooling, annealing), high crystallinity

could be obtained.

There have been relatively few experimental studies examining how processing via temporal
modulation of inter-particle interactions affects the material properties of gelling colloidal
suspensions. A promising approach is to use electric [196] and magnetic fields [16,197] to direct

self-assembly. In such systems, the external fields induce polarization that results in anisotropic
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inter-particle dipole-dipole interactions. The advantage of using such fields is that the interaction
can be temporally modulated and is reversible, such that annealing strategies (e.g. AC electric
fields or toggled magnetic fields) can be implemented to achieve equilibrium crystalline structures.
However, the induced dipole-dipole interaction scales with the particle volume and becomes weak
when the particles approach the nanoscale [19]. Wagner and coworkers studied the properties of
octadecyl-coated silica nanoparticles (which gel when the system is cooled) subject to different
thermal histories [18,198]. However, they found the rheological response of the system was
independent of its thermal history. Sherman et al. employed simulations to study the self-assembly
of nanoparticles under a toggled depletion attraction [120,199]. Interestingly, by using time-
dependent, periodically toggled attractions, particles could self-assemble into well-ordered
crystalline structures without kinetic trapping in a disordered state. However, it is difficult to
experimentally implement time varying colloidal interactions in gelling systems which rely on the
addition of a third component (such as depletants or salts) as a means to vary inter-particle
interactions. Recently, our group has developed a thermally gelling oil-in-water nanoemulsion
consisting of surfactant stabilized, nano-sized polydimethylsiloxane droplets suspended in a
poly(ethylene glycol) diacrylate (PEGDA) aqueous continuous phase [21]. At elevated
temperatures, the hydrophobic end groups of the PEGDA partition into the oil/water interface and
bridge droplets, which results in isotropic attractive interactions that can be temporally tuned "at
will" without adding another component. Initial work [143] has shown that different heating rates
result in different rheological responses, though thermal processing as a means to tune
microstructure and mechanics has not been studied. We have also developed a technique that
enables us to directly visualize the gel microstructure at any state using confocal microscopy
[33,101,143], allowing us to study how processing controls the gel structures. Additionally, the
major changes in the macroscopic (rheological) properties and microstructure of the nanoemulsion
can be captured within AT = 30 to 40 °C (from room temperature to T = 50-60 °C) [98,101]. Such
advantages make this nanoemulsion a suitable model system to understand how thermal processing

affects the behavior of colloidal gels with quantifiable experimental evidence.

In this chapter, we experimentally investigate sequential thermal processing of thermogelling
nanoemulsions as a means to control material properties. We use rheological properties and real-
space microstructural correlations as our canonical metrics to characterize the material behaviors.

By changing thermal processing routes, we show that properties of colloidal gels can be beyond
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the limit set by direct quenching. For example, under certain thermal processing conditions, the
gel strength of the nanoemulsion can increase by 47% compared to a step-jump in temperature,
and the thermal processing can effectively prevent a decrease in gel strength due to slow relaxation
resulting from directly quenching the system at high temperatures. The path-dependent properties
of our attractive colloidal systems motivate the concept that one should think beyond just varying
chemical composition as a means to control material properties and should expand to consider
processing as an equally important parameter. Indeed, several works have shown that even a single
material system shows diverse structures and complex properties by carefully directing the self-
assembly [200-202]. In addition to being model colloidal systems, nanoemulsions are widely used
in applications such as food products, cosmetics, pharmaceuticals, and enhanced oil recovery for

which the ability to engineer material properties through processing conditions is desirable [6].

5.3 Materials and methods

5.3.1 Materials

Sodium dodecyl sulfate (SDS), poly(ethylene glycol) diacrylate (PEGDA, My = 700 g/mol),
silicone oil (polydimethylsiloxane, PDMS, viscosity = 5¢St at 25 °C), lipophilic dye PKH26
(excitation and emission wavelengths Aex/Aem = 551/567 nm) and photoinitiator 2-hydroxy-2-
methylpropiophenone (Darocur 1173) were purchased from Sigma-Aldrich. All chemicals were

used without further purification.

5.3.2 Synthesis of nanoemulsions
The nanoemulsion system studied in this chapter was composed of a disperse phase PDMS of
volume fraction = 0.15, an aqueous continuous phase consisting of PEGDA of volume fraction =

0.33, SDS of concentration = 0.175M and deionized water.

The nanoemulsions were synthesized by the following procedure. First, a pre-emulsion was
prepared by adding PDMS to the aqueous continuous phase composed of PEGDA and SDS using
magnetic stirring with a speed of 700 rpm. Stirring was maintained for 20 min or until no
macroscopic phase separation was observed. A high-pressure homogenizer (EmulsiFlex-C3,

Avestin) was used to process the pre-emulsion into the corresponding nanoemulsion. The
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homogenization was conducted at a pressure of 18 kpsi for 14 passes. The emulsion was cooled to

4 °C between each pass and the final nanoemulsion was stored at 4 °C until further use.

The size of PDMS droplets was monitored using dynamic light scattering (90Plus PALS,
Brookhaven Instruments). Fig. D1 (Appendix D) shows the evolution of droplet size after each
pass. The droplet size was measured by diluting the oil volume fraction of the emulsion from 0.15
to 0.002 using an aqueous diluting agent consisting of PEGDA with volume fraction = 0.33. It has
been reported previously that dilution using this diluent does not affect the droplet size and
polydispersity [21]. The nanoemulsion suspension used in this work has a droplet size equal to 37

nm with polydispersity equal to 0.187.

5.3.3 Rheology

Rheological characterization was performed by using a stress-controlled rheometer (ARG2, TA
instrument) equipped with a 2° 60mm aluminum upper-cone and a temperature-controlled Peltier
lower-plate. For each measurement, the nanoemulsion was loaded onto the Peltier plate at 20 °C.
A wetted solvent trap was used and a few drops of deionized water were added on top of the cone
to control the evaporation. Before each measurement, a preshear step with a constant rotation at a
rate of 20 rad/s for 30 seconds followed by a 90 seconds period where the sample remained
quiescent at T = 20 °C, was performed. Thermal processing measurements (one-step and two-step
jumping) were carried out at an oscillatory frequency = 20 rad/s with strain = 0.1 %. The speed of
temperature increase was set to be the maximum rate that the rheometer was able to achieve. Fig.
D2B (Appendix D) shows the actual temperature history during the measurement. Large amplitude
oscillatory shear (LAOS) at an oscillatory frequency = 20 rad/s with strain = 15 % was performed
to yield the nanoemulsion at 50 °C for the gel aging (Fig. 5.5). LAOS was applied at t = 600 s for

30 seconds. Freshly loaded nanoemulsions were used for each measurement.

5.3.4 Confocal microscopy
Direct visualization of the gel microstructures was carried out by using a confocal laser scanning
microscope (LSM 700, Zeiss) quipped with a 63X oil-immersion objective (numerical aperture =

1.4). Samples for imaging were prepared as follows. First, the nanoemulsion was mixed with 1
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vol% fluorescent dye and 1 vol% photoinitiator. It has been shown previously that the addition of
this small amount of chemicals does not affect the microstructures [143]. Subsequently, 150 pL of
the mixture was loaded into a glass chamber (Lab-Tek™ #155411, Thermo Fisher Scientific).
Pipetting samples into glass chambers for microscopy mimics the preshear step on the rheometer.
Then, the sample-loaded glass chamber was put onto the Peltier plate on the rheometer at 20 °C
for 90 seconds, and the sample underwent the same thermal history as during the rheological
characterization. The time scale of the heat transfer from the Peltier plate to the sample through
the glass is negligible. The thickness of the glass microscope slide is 0.15 mm according to the
vendor. The thermal diffusivity of the glass slide is about 0.55 mm?/s [203]. Therefore, the
diffusive time scale is 0.152/0.55 = 0.04 s, which is negligible compared to the experimental time
scale. After thermal processing, the sample was exposed to UV-light (A =365 nm) for 50 seconds.
The crosslinking of the PEGDA in the continuous phase locks the pristine microstructure in place,
which allows one to directly visualize the gel structure at room temperature using confocal

Microscopy.

5.4 Results and discussion

5.4.1 Thermally responsive nanoemulsions

Self-assembly of the nano-sized polydimethylsiloxane (PDMS) droplets is driven by molecular-
scale poly(ethylene glycol) diacrylate (PEGDA) bridging at elevated temperatures, as shown in
Fig. 5.1A. The oil-in-water nanoemulsions were prepared using high-pressure homogenization,
which allows easy preparation of large quantities of emulsions with a range of droplet sizes
(Appendix D Fig. D1). The canonical nanoemulsion formulation used in this work contains PDMS
droplets (droplet diameter 2a = 37nm) of volume fraction = 0.15 suspended in the aqueous
continuous phase consisting of PEGDA of volume fraction 0.33 and sodium dodecyl sulfate (SDS)
of concentration 0.175M. For this formulation, the changes in rheology and microstructure of the
nanoemulsion throughout the gelation process can be captured within AT = 30 °C (Fig. 5.1C and

5.1D, from T = 20.0 to 50.0 °C).

At room temperature (20.0 °C), the droplets are well dispersed in the continuous phase due to the
electrostatic repulsion provided by SDS on the droplet surface and small Peclet number (Pe =

nD*Apg/12kgT~1077, where D is the droplet diameter, Ap is the density difference between the
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oil and continuous phase, g is gravitational acceleration, kg is the Boltzmann constant and T is
absolute temperature) of the nano-sized droplets [6]. Accordingly, the nanoemulsion has a liquid-
like behavior, which can be seen from direct observation (Fig. 5.1B) and the rheological response
(Fig. 5.1C). As temperature rises, the hydrophobic end groups of PEGDA partition into the
oil/water interface and form inter-droplet bridging. The gelation results in the increase of
viscoelastic moduli (Fig. 5.1C), and ultimately gives a sample-spanning gel network and solid-like

behavior of the sample.

5.4.2 One-step temperature jump rheology

We first investigated the sample with a single temperature jump (from T = 20.0 °C to a higher
temperature). The one-step temperature jump can be viewed as directly quenching the
nanoemulsion to a certain state, which is analogous to the formation of depletion gels by addition
of small molecule depletants into a colloidal suspension. Although this simple quenching
mechanism (i.e. one-step temperature jump) has been studied in our prior work [101,143], we will

describe new insights in the following section which will guide our subsequent thermal processing.

Fig. 5.1C shows the results of small amplitude oscillatory shear (SAOS) rheological responses of
the nanoemulsion at various temperatures throughout gelation from T =20.0 to 50.0 °C. The figure
records the measurements just after the samples reach the target temperature (see Appendix D Fig.
D2 for complete response including the initial temperature increasing stage). The length of
measurement was chosen to be 20 minutes which is long enough to capture the major changes in
rheology and microstructure at the selected temperatures (Fig. 5.1C and 5.1D). At T = 20 °C, both
moduli remain nearly constant and the loss modulus G” (measuring viscous dissipation) is larger
than storage modulus G’ (measuring elasticity) throughout the measurement. This liquid-like

behavior holds when the temperature is increased up to 30.0 °C (Appendix D Fig. D2).
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Figure 5.1(a) Schematic of thermally responsive self-assembly. At rising temperatures, the hydrophobic
groups of PEGDA partition into the oil/water interface and form droplet bridging. (b) Direct observation of
the thermogelling nanoemulsion at T =20 and T = 50 °C. (c¢) Rheological responses of the nanoemulsion
through one-step temperature jumping from T = 20.0 °C. The measurement records the moduli right after
T reaches the target temperature at an oscillatory frequency of 20 rad/s. Closed symbols: G’ (elastic
modulus). Open symbols: G” (viscous modulus). (d) Direct visualization of the nanoemulsion
microstructures using confocal microscopy at various times, t, at T = 32.5, 40.0 and 50.0 °C. Scale bars =
Spm.
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The moduli significantly increase when the temperature is raised to 32.5 °C. As time proceeds, G’
~ (G” and both moduli continue growing throughout the measurement. The frequency sweep
measurement further confirms T = 32.5 °C is the gelation temperature where G’(®) and G (®) are
parallel on the frequency spectrum (after the sample is held at 32.5 °C for 10 min, Appendix D Fig.
D3), according to the classic Chambon-Winter criterion [111,112]. When further increasing the
temperature, the moduli grow dramatically with G > G” by over one order of magnitude. At T =
40.0 °C, the elastic modulus G’ is larger than that at T = 32.5 °C by nearly two orders of magnitude,
though G* and G” continue to increase in time. Appendix D Fig. D4 shows a long-time
characterization (up to 50 min) at 32.5 °C where changes in microstructures and the rheological
response can be easily observed. The result shows the gelled system will eventually reach a
pseudo-steady state as time proceeds. Above T =40 °C, the moduli reach a plateau, and the increase
in the moduli with respect to temperature is limited (Appendix D Fig. D3). At such high

temperatures, G’ and G” are nearly constant on the frequency spectrum (Appendix D Fig. D3).

5.4.3 Hierarchal microstructures

We captured high-resolution images of nanoemulsion microstructures at various states using
confocal microscopy. We labeled the oil droplets with a red, lipophilic dye (PKH26). Crosslinking
the PEGDA in the continuous phase locks the self-assembled droplets in place at various states,
and allows us to directly visualize the internal structures of the nanoemulsion gel at room
temperature. Previous work has shown that the addition of small amounts of these chemicals has

negligible influence on the nanoemulsion rheology and microstructure [143].

Fig. 5.1D shows the microstructures at different temperatures and various times, t. The times were
chosen to be 2, 5, 10 and 20 minutes in order to capture the major rheological changes. Interestingly,
at T = 32.5 °C large strands coexist with clusters (see Appendix D Fig. D2 for the discussion that
these clusters are not stress-bearing structures.). As time proceeds, strands increase in number and
size, and fewer clusters are present (see Appendix D Fig. D4 for long-time characterization). These
microstructural trends are consistent with the rheology in Fig. 5.1C, where G” and G” increase in

time, since the larger strands are believed to be responsible for the viscoelastic response [101].

In order to quantitatively study the microstructures in Fig. 5.1D, we measured correlation lengths

from scattering plots. The raw confocal images were first processed via fast Fourier transform
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(FFT) using image processing software Image]. We then calculated the radially averaged light
intensity, I(q), of the FFT images, where q is the wave vector (see Appendix D Fig. D5 for an
example of extracting correlation length) [33,204]. A representative scattering spectrum is shown
in Fig. 5.2A. We can define three correlation lengths (Lc = 2n/q) at T = 32.5 °C: primary correlation
length (Lc,1) from the primary peak, secondary correlation length (Lc2) from the secondary peak
and tertiary correlation length (Lc3) from the inflection point. The calculated results are listed in

Table 5.1.
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Figure 5.2 (a) Representative scattered intensity as a function of the wave vector, q,at T=32.5°C (t=5
min) and 50.0 °C (t = 20 min) from FFT images. The I-q data is then used to quantify the correlation
lengths, L¢, as shown in (b) correlation length of droplet-rich domains separated by droplet-poor domains,
(c) correlation length of freely suspended clusters and (d) correlation length inside the droplet-rich
domains. Images (b) to (d) are nanoemulsions at T = 32.5 °C at t = 20 min. (e) Schematic of the
hierarchical microstructures formed by the nanoemulsion droplets.

The physical meaning of three correlation lengths is elucidated in Fig. 5.2B to D. L¢ 1 extracted
from the strongest scattering intensity corresponds to the averaged distance of the droplet-rich
domains separated by the droplet-poor domains, shown as Fig. 5.2B. This primary correlation
length (calculated as 27t/qmax, Where qmax is the wave vector corresponding to the strongest intensity)
has been investigated in previous work [32,143]. On the other hand, Lc> and L¢3 have not been
reported before. Lc» corresponds to the correlation length of the clusters suspended in the
continuous phase, as shown in the Fig. 5.2C, which is further confirmed by calculating the Lc of
cropped images where only the freely suspended clusters are considered (Appendix D Fig. D6).
Therefore, it is not surprising that Lc > is absent at T =40.0 and 50.0 °C since no coexisting clusters
are observed (Fig. 5.1D). The tertiary correlation length (Lc3) is at a smaller length scale (i.e.

larger q), suggesting a ‘secondary” structure inside the droplet-rich domains, as represented in Fig.
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5.2D. This is also validated by analyzing the intensity profile just within the droplet-rich domain

shown in Appendix D Fig. D6.

Table 5.1 Correlation lengths (L¢) and the elastic moduli (G’) of the nanoemulsions with a one-step

temperature jump at various timestamps. Error bars = 1 standard deviation from 9-15 images.

Temperature Time G’ (Pa) Le, (um) L, (um) Le; (pm)
321586 2 min 0.635 25 51001 1.38+0.07 1.15+0.05
5 min 0.895 15.9L10156 1.46+0.08 1.17+0.09

10 min 1.628 8.49+2.01 L1012 1.18+0.04

20 min 3.254 6.42+1.80 1.86+0.11 1.17+0.05

40.0 °C 2 min 151.9 3.90+0.24 - 1.10+0.11
5 min 192.2 3.88+0.47 - 1.01£0.06

10 min 216.8 3.3240.19 - 0.87+0.05

20 min 258.9 3.34+0.15 - 0.86+0.03

50.0 °C 2 min 4453 2.30+0.14 - 0.64+0.03
5 min 463.4 2.4240.21 - 0.63+0.01

10 min 461.4 2.50+0.19 - 0.65+0.01

20 min 428.8 2.44+0.10 - 0.73+0.03

These secondary length scales (Lc,;1 and L¢3) are a manifestation of a hierarchical structure (see
Appendix D Fig. D7 for two-stage yielding which also suggests a hierarchical network), which
was not analyzed in our earlier publication. Such hierarchy has been found in a depletion gel by
Lu et al.[103] where they found that after introducing depletants into a colloidal suspension, the
colloids first form clusters, then form a spanning gel network, which is then arrested. Moreover,
Schurtenberger and coworkers also found ‘multiple steps’ in depletion gel formation using
simulations and showed that the higher order gel structures are built on ‘meta-particles’ composed
of few particles [100]. Interestingly, in their work, a scattering spectrum showing multi-stages was

also reported, similar to Fig. 5.2A here.

At T = 32.5 °C, L¢3 remains nearly constant as time proceeds as shown in Table 5.1, and Lc3 =
1.17 pm is consistent with the micron-sized clusters seen in Fig. 5.1D and Appendix D Fig. D6A.

Additionally, at later times, more and thicker strands are formed while fewer freely suspended
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clusters are present (see Appendix D Fig. D8 for the changes in the scattered intensity spectrum).
Therefore, it is reasonable to postulate that the strands are formed from the aggregation of clusters
(as supported by data in Appendix D Fig. D4), which is consistent with what has been described
in the literature for other systems [100,103,205]. The proposed mechanism is shown in Fig. 5.2E.
Upon increasing the temperature, droplets aggregate and form clusters, and the clusters serve as
“building blocks” which then self-assemble and span the macroscopic sample. The decrease in Lc 1
correlates with an increase in strands as time proceeds. As reported in Table 5.1, at T = 32.5 °C
Lc.1 decreases with time, which is consistent with the qualitative observation in Fig. 5.1D where

the strands increase in number.

At T =40.0 and 50.0 °C, we were not able to capture the aggregation of such building blocks since
the assembly dynamics are faster at these higher temperatures. However, we can still observe
changes in Lc3. At T =50 °C, L¢3 remains constant for the first 10 min, and the sample maintains
a nearly constant elastic modulus. The decreasing G” and increasing L¢3 at longer times will be
discussed in detail in the next section and compared with the thermally processed samples. At T =
40 °C, L¢3 decreases as time proceeds, which suggests the clusters still can re-assemble themselves
even after they aggregate into a network. This reconstruction is reasonable because the
characteristic diffusion time for 1 pm clusters is roughly 5 seconds, which suggests rearrangement
over the rheological timescale is likely even after the bridging is formed. At such moderate
temperature, the attraction is also weak enough not to induce strong dynamical arrest, such as what

isseenat T = 50 °C.

5.4.4 Two-step thermal processing

The thermal processing demonstration in this chapter was conducted at T = 32.5, 40.0 and 50.0 °C.
After the pre-shear (conditioning step) at T = 20.0 °C, the sample was first brought to T = 32.5 or
40.0 °C. After holding at T; for thoia = 2, 5 or 10 min, the temperature was then jumped to T =
40.0 or 50.0 °C. Therefore, a total of nine processing histories were explored: three sets of
progressive temperature jumps (T to Ta: 32.5 to 40.0 °C, 32.5 to 50.0 °C and 40.0 to 50.0 °C) with
three different tnola at each corresponding Ti. The total measurement time was kept constant at 20

min for consistency with the one-step temperature jump experiments.

Fig. 5.3 shows the results of the rheological responses of the thermally processed samples (see
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Appendix D Fig. D9 for the temperature history). Both moduli, G* and G”, show the same trend
under thermal processing, and only G’ is plotted here for discussion (G” can be found in Appendix
D Fig. D10). The results from the one-step temperature jump are also plotted for comparison. Fig.
5.3A shows the rheology of thermal processing between T = 32.5 to 40.0 °C. Comparing with one-
step jump at T = 40.0 °C, holding at 32.5 °C hinders the development of the gel strength, and a
smaller modulus is obtained when remaining at 32.5 °C longer. Additionally, similar to the one-
step jump at T = 40.0 °C, the moduli of processed samples are still increasing at the end of the
measurement, suggesting that the gel is not fully arrested. The shape and the trend of the curves
suggest the possibility of a master curve by rescaling the time. The rescaled data is shown in Fig.
5.3B, in which time has been rescaled to be zero when the temperature reaches T>. All processed
samples collapse onto a master curve, suggesting the microstructures are self-similar, while the

one-step jump sample is slightly above the master curve.

To investigate the microstructure of the processed sample as well as the structural self-similarity,
we also performed confocal microscopy to visualize the microstructures. We used the Peltier plate
equipped on the rheometer to make sure the imaging samples underwent exactly the same
temperature history as the samples used for rheological measurements. We then focused on the
microstructures after the thermal processing was complete (i.e. the microstructures at t = 20 min).
The imaging results and the corresponding analyses for all thermal processed samples are shown
in Fig. 5.4 and Table 5.2, respectively. The elastic moduli are also listed in Fig. 5.4. For
convenience in later discussion, the correlation length of a one-step jump to temperature T will be

denoted as Lc'.
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Figure 5.3 Temporal elastic modulus, G’, of the nanoemulsion undergoing two-step temperature jump with
(a) to (b) 32.5 to 40.0 °C, (c) to (d) 32.5 to 50.0 °C and (e) to (f) 40.0 to 50.0 °C. (a), (c¢) and (e) record the
raw measurements. (b), (d) and (f) plot the G’ versus rescaled time. Rescaled time is equal to t — thold — tramp
where tramp is the time needed for the temperature to adjust from T to T> (limited by the Peltier plate).
Typical values of trmp are 45-55 seconds (see Appendix D Fig. D6 for details).

Fig. 5.4A to 4C show the microstructures of the processed samples from T = 32.5 to 40.0 °C with
different holding times. Surprisingly, the microstructures are significantly different from both
nanoemulsions with direct holding at T = 32.5 °C and T = 40.0 °C. For the processed samples, the
internal structures fall between T = 32.5 °C and T = 40.0 °C, which is further confirmed by the Lc
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of the processed sample, which falls between Lc,1**® and Lc¢,1**?, and a similar trend for L¢ 3. On
the other hand, comparing amongst the thermally processed samples, Lc,1 slightly decreases with
longer holding time (but this change is insignificant if the standard deviation is considered), and
Lc3 remains nearly constant. The nearly unchanged Lc,1 and L¢3 suggest the difference in final
moduli (after 20 min) after different holding times might result from either a smaller length scale
that cannot be clearly resolved in our current microscopy setup (due to the resolution limit) or the
number density of gel strands formed by residual clusters in solution (that is difficult to quantify
from individual microscopy images). However, the self-similar structures of the samples explain

the superposition behavior in Fig. 5.3B.

T=32.5t040.0°C

240.1 Pa 214.7 Pa 1O Pa

T=3251t050.0°C

470.6 Pa

T=40.0t050.0°C

610.4 Pa 660.8 Pa 662.3 Pa

thold =2 min thold =5 min thold =10 min

Figure 5.4 Microstructures of the nanoemulsion processed with a two-step temperature jump with thoa = 2,
5 and 10 min. All images were taken at the end of thermal processing at t = 20 min. The elastic modulus at
each condition is listed at the bottom left corner of each image. All scale bars = 5 um.
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Table 5.2 Correlation lengths (Lc) and the elastic moduli (G”) of the nanoemulsions with a two-step
temperature jump from T; to T at various holding time at T). Error bars = 1 standard deviation from 9-15

images.

Temperature i G’ (Pa) Le, (pm) L, (um) Le; (um)
32.5t040.0 °C 2 min 240.1 5.46+0.61 1.48+0.06 0.97+0.04
5 min 214.7 5.19+0.50 1.41+0.10 0.97+0.04

10 min 195.5 5. 17052 1. 530,07 1.00+0.05

325101500 °C 2 min 470.6 5.42+0.68 1.41+0.10 0.85+0.02
5 min 4744 5.65+0.92 1.40+0.09 0.84+0.02

10 min 485.5 5.64+0.61 1.45+0.06 0.88+0.05

40.0 to 50.0 °C 2 min 610.4 3.06+0.18 - 0.79+0.04
5 min 660.8 3.01+0.21 - 0.77+0.01

10 min 662.3 3.08+0.34 - 0.72+0.02

Interestingly, here we also observed an additional inflection point from the intensity spectrum,
similar to the secondary peak in the one-step temperature jump at T = 32.5 °C. The Lc> in the
processed samples results from the microstructure associated with finer, cluster-like structures, as
highlighted in the inset of Fig. 5.4E. We believe this smaller structure is a remnant of the freely
suspended clusters from 32.5 °C, which can be found in the processed samples jumping from T =
32.5t040.0°C and T = 32.5 to 50.0 °C, while no signal is found for T =40.0 to 50.0 °C. Note that
even though there are only two correlation lengths that can be determined from processed samples

from T = 40.0 to 50 °C, we still use Lc,1 and L¢3 for consistency with other samples.

Fig. 5.3C shows the rheological response of the processed samples from T = 32.5 to 50.0 °C.
Interestingly, the processed samples possess similar moduli as the sample with one-step
temperature jump at T = 50.0 °C, while they have significantly different microstructures, as shown
in Fig. 5.4D to 5.4F and Table 5.2. Again, the processed samples show intermediate values of Lc
and Lcs (i.e. Lo ™ <Leg <Lei™and Les™ < Les <Les™), and the moduli collapse onto a master
curve shown in Fig. 5.3D. By comparing among the processed samples, Lc 1 and L¢3 still remain
nearly constant, and the moduli are also relatively insensitive to the holding time, as observed
when processing from T = 32.5 to 40.0 °C. The relative insensitivity is reasonable since a stronger

attraction is induced at T = 50.0 °C, where the structure is dynamically arrested. Readers interested
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in an estimation of attractive potential energy are referred to the previous work by our group [21].
This stronger attraction can be also qualitatively observed in Fig. 5.4 where the cluster associated
microstructures (Lc 2, signifying the remanence of the clusters from 32.5 °C) can be more easily
seen in the T = 32.5 to 50.0 °C sample due to dynamic arrest, compared to the T = 32.5 to 40.0 °C.
Additionally, by observing Lc3 (manifestation of the aggregated cluster with the droplet-rich
domains), L¢3 of the T =32.5 to 50.0 °C sample is smaller than that of T =32.5 to 40.0 °C. Indeed,
L¢3 is gradually reduced from the one-step jump at 32.5 °C (L¢3 = 1.2 um) to the two-step jump
(Lcs = 1.0 pm for 32.5 to 40.0 °C and Lc3 = 0.85 um for 32.5 to 50.0 °C). The decrease in L¢3

suggests the aggregated clusters become tighter during the temperature jump.

Fig. 5.3E shows the rheological response of the processed samples from T = 40.0 to 50.0 °C.
Interestingly, the modulus can be increased by 36 to 47 %, depending on the holding time. The
processed samples again have intermediate values of Lc, and Lcs (ie. Lei™ < Lo <Lea™ and
Les™ < Les <Les™), while Ley is absent since there are no freely suspended clusters at T = 40.0
°C. However, from Table 5.2, G* with thod = 2 min is unexpectedly smaller than G with thold = 5
and 10 min, since Lc) and L¢3 remain nearly constant across different holding times. This
difference in G’ is reproducible when repeating the measurement (Appendix D Fig. D11). We
hypothesize the difference in moduli might result from a smaller length scale that cannot be
captured in our current microscopy setup. However, despite the slight difference, the processed
samples do show the same trend that G’ is larger than that of the one-step jump sample at T = 50.0
SE:

In addition to the increase in moduli (see Appendix D Fig. D10 for G”), we also note that thermal
processing can prevent the gel from aging, which can be seen for the one-step jump to T = 50.0
°C. As shown in Fig. 5.3E, G’ starts to decrease after t ~ 10 min (black dots). We hypothesize that
such aging is due to a slow structural relaxation because the nanoemulsion is directly and deeply
quenched to a non-equilibrium state.[206] This age-dependent viscoelasticity associated with an
internal stress relaxation in out-of-equilibrium systems has also been observed in depletion gels
[207] and actin/fascin bundle networks [208]. To test our hypothesis, we performed a SAOS +
LAOS measurement. If the relaxation is responsible for aging and the associated decrease in G’,
yielding (by using LAOS) the gel should facilitate such relaxation and achieve the same final state.

The results are shown in Fig. 5.5. The blue data shows the aging behavior of the nanoemulsion gel
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and the modulus eventually reached a plateau after = 6000 s using only SAOS. On the other hand,
in the black data we used LAOS to yield the gel for 30 s at t = 600s and the modulus still reached
the same plateau as seen in the long time SAOS experiment, but the entire process only took =
1000s. It thus takes approximately one-sixth the amount of time for the measurement with yielding
to reach the final state. Additionally, similar to T = 40.0 to 50.0 °C processing (Fig. 5.3E), the
samples processed from T = 32.5 to 50.0 °C also show that the decrease in G’ can be effectively
reduced by thermal processing, which is highlighted by the inset in Fig. 5.5 (this is not easily
observed in Fig. 5.3C due to the scale of the y-axis).
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Figure 5.5 Temporal decrease in G’ due to the slow relaxation when the nanoemulsion is directly quenched
at T =50.0 °C (blue). Yielding the nanoemulsion can effectively reduce the time needed to reach the final
state (black). The yielding step is performed using LAOS with a strain = 15 % at a frequency = 20 rad/s.
Inset plot highlights the thermal processing sample from T =32.5 to 50.0 °C (which is difficult to notice in
Fig. 5.3 due to the scale of the y-axis) can also prevent the decrease in modulus as processing from T =40.0
to 50.0 °C.

Fig. 5.6 summarizes how the gel strength (G’) and the microstructure (Lc,1) can be controlled via
thermal processing. The black dots are the results of the traditional direct quenching (single
temperature jump) of the nanoemulsion gel — G’ increases as Lc,1 decreases. This inverse relation
of G’ to Lc,1 has been reported in prior studies [32,91]. On the other hand, with more complex
thermal processing, properties beyond the limit set by direct quenching (indicated by the black
dashed line) can be accessed. For example, with two-step processing we can maintain the same
gel strength (e.g. G* = 450 Pa), but create much more open microstructures (more than doubling
of Lc,1 to = 5.5 um). We can also have gels with the same Lc; (= 5.5 pm) but with different G* (=
200 to 480 Pa). Additionally, two-step thermal processing can increase the gel strength beyond
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that attainable by directly quenching the system with a strong attraction potential. Overall, we find

that thermal processing allows us to access states above the dashed line depicted for the one-step

temperature jumps.
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Figure 5.6 G’ versus Lc; of one-step and two-step temperature jump thermal processing. Black dots are
from the one-step jump at T =40.0 and 50.0 °C at various time points. Red, green and blue symbols are the
data after two-step jump processing is complete (t = 20 min). Black dashed line is drawn to guide the eye
and denotes the limit set by direct quenching.

The properties of the nanoemulsion gels are highly dependent on how they reach the final state,
even though the same final temperature is reached. The gels have significantly different rheology
and microstructures depending on their thermal history, and these properties can be beyond the
limit set by direct quenching, which has been a major focus in literature. We postulate that when
undergoing thermal processing from T to T, the system has a memory of the structures at T and
reconstructs these intermediate structures when switched to T>. This postulate is consistent with
the observation that the cluster-associated structures (Lc2) are found in processed samples from T
=32.5t040.0 °C and from T = 32.5 to 50.0 °C, which indicates the remanence of the clusters from
32.5°C. A holding step at T seems to be similar to thermal annealing. Thermal annealing is often
used as an additional step in material manufacturing processes that allows a system to reach the
global free energy minimum without being kinetically trapped. It is therefore often used in order
to create a regular order on a molecular scale and to improve and control the macroscopic

properties [184]. However, contrary to the results of thermal annealing, colloidal gel systems are
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often associated with a kinetically arrested disordered state, such as percolation [18] or spinodal
decomposition [103], whereas the global energy minimum corresponds to the bulk phase
separation [6,8]. Moreover, our thermal processing results are relatively insensitive to the length
of time holding at T;, and the thermal processing does not facilitate a regular pattern of colloidal
order. Both behaviors are contrary to what has been reported in the literature, where the properties
of the material are strongly dependent on the annealing time [193,194]. Future work using
simulations will help elucidate the mechanism on the nanometer scale (i.e. single droplet) and the
droplet diffusive time scale (droplet diffusive time = a?/D = 6mma3/kgT ~ 10 sec, where a is
the droplet diameter, D is the droplet diffusivity, 1 is the viscosity of the continuous phase kg is
the Boltzmann constant and T is absolute temperature). We will study both dynamics and
mechanisms of the effect of thermal processing and the evolution of the microstructures, which
will bring more insights into the spatial and temporal evolution of the system, as experimentally

demonstrated in this work.

5.5 Conclusion

We have demonstrated that thermal processing conditions can be used to tune both the mechanical
and structural properties of a thermally gelling nanoemulsion suspension. Under certain thermal
processing conditions, the gel strength can be increased up to 47% compared to a single
temperature jump. Additionally, the thermal processing can effectively prevent a decrease in gel
strength due to a slow relaxation. By combining the results from one-step and two-step temperature
jumps, properties of gels can be beyond the limit set by direct quenching, which has been a major
focus in literature. We have also shown that the nanoemulsion gel is a hierarchical structure
comprised of multiple length scales which are in turn related to the rheological properties. Our
results suggest that the mechanistic reason for such control is that the system sequentially forms
hierarchical microstructures and dynamic tuning of the droplet interactions through temperature
can influence the trajectory taken through phase-space. Our work also provides new experimental
evidence which relates the path-dependent rheological properties to associated microstructures in
attractive colloidal systems. Future work using simulations will help validate the postulated
mechanisms and role of hierarchical assembly. Concepts from our work could be applied to other

attractive colloidal systems which can improve the understanding of such systems, and can be
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utilized in colloid-based material design. Translation of model systems to products requires the
development of industrial processes. Here we demonstrated that the process itself is an important

tool to be leveraged to tune material properties.
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Chapter 6

Multiple Particle Tracking Study of Thermally-Gelling
Nanoemulsions

6.1 Overview

We perform multiple particle tracking (MPT) on a thermally-gelling oil-in-water nanoemulsion
system. Carboxylated and plain polystyrene probes are used to investigate the role of colloidal
probe size and surface chemistry on MPT in the nanoemulsion system. As temperature increases,
hydrophobic groups of PEG-based gelators (PEGDA) partition into oil/water interface and bridge
droplets. This intercolloidal attraction generates a wide variety of microstructures consisting of
droplet-rich and droplet-poor phases. By tailoring the MPT colloidal probe surface chemistry, we
can control the residence of probes in each domain, thus allowing us to independently probe each
phase. Our results show stark differences in probe dynamics in each domain. For certain conditions,
the mean squared displacement (MSD) can differ by over four orders of magnitude for the same
probe size but different surface chemistry. Carboxylated probe surface chemistries result in
“slippery” probes while plain polystyrene probes appear to tether to the nanoemulsion gel network.
We also observe probes hopping between pores in the gel for carboxylated probes. Our approach
demonstrates that probes with different surface chemistries are useful in probing the local regions
of'a colloidal gel and allows the measurement of local properties within structurally heterogeneous

hydrogels.

This chapter has been adapted with permission from L. -C. Cheng, L. C. Hsiao and P. S. Doyle
“Multiple Particle Tracking Study of Thermally-Gelling Nanoemulsions™ Soft Matter 2017, 13,
6606-6619. Copyright 2017 Royal Society of Chemistry.

6.2 Introduction
Colloidal gels are formed when sufficient colloid-colloid attractive interactions are introduced into

colloidal suspensions [1]. At low to moderate particle loadings, colloids aggregate and give rise to
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fractal clusters and chains, ultimately resulting in a space-filling interconnected network [92]. Such
types of attraction are commonly provided by depletion [183,209,210], colloid surface charge
[4,88] or polymer bridging [211] that can be controlled by external stimuli such as temperature,
depleting agents, ionic strength, and pH values. By changing the colloid volume fraction and
attractive potential, colloidal gels show diverse microstructures and mechanical properties [1]. Due
to their viscoelastic properties, colloidal gels are used in various fields such as the food industry

[99], drug delivery [211], tissue engineering [4], membranes [33] and drilling fluids [88].

Recently, our group has developed a thermally-gelling nanoemulsion system in which nano-sized
polydimethylsiloxane droplets are dispersed in a continuous phase composed of water, sodium
dodecyl sulfate and poly(ethylene glycol) diacrylate [21]. At high temperatures, the hydrophobic
groups of the PEG-based gelators partition into the oil/water interfaces and form interdroplet
bridging, giving rise to a thermally-responsive gel. It has been shown that the temperature-
dependent properties such as gel point, shear modulus and yield stress can be tuned via droplet
size, oil volume fraction (), gelator concentration (P) and gelator chemistry [21,98]. This system
provides a wide parameter space and allows one to engineer the nanoemulsions’ properties for
specific practical applications [6]. For instance, our group has recently shown the application of
these nanoemulsions in 3D printing to obtain hierarchical mesostructured hydrogels with potential
utility in drug delivery, tissue engineering and membranes [33]. In addition, the interdroplet
attractive potential can be finely modulated by adjusting temperature. This ability to tune the
attractive potential without adding another component to the solution (e.g. depleting agent, salt,

acid, etc.) allows ones to precisely control assembly conditions and the resulting microstructures.

In this chapter, we use multiple particle tracking to study the changes in microenvironment of the
thermally-gelling nanoemulsion during gelation. Previously, we studied the mechanism of gelation
by using rheological characterization, neutron scattering and cryo-transmission electron
microscopy [98]. For nanoemulsions with ¢ < ¢, where ¢. is a critical oil volume fraction, gelation
is induced by homogenous percolation with a broad gel transition in which the droplet-droplet
cluster formed and subsequently percolated. On the other hand, when ¢ > ¢c, gelation occurs
through phase separation with a sharp sol-gel transition. In this regime, the strong interdroplet
attraction can dynamically arrest the phase separation, and the nanoemulsions show bi-continuous

microstructures consisting of droplet-rich and droplet-poor domains.
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Microstructures of the nanoemulsions spanning a wide range of ¢ (0.1 to 0.33) and T (22 to 65 °C)
were further studied using confocal microscopy [143]. We developed a technique where we
labeled oil droplets by a lipophilic dye and locked the microstructures in place by photo-
crosslinking the telechelic polymers at target temperatures, thus enabling direct visualization of
the internal structures at room temperature. Using confocal microscopy and bulk rheological
characterization, it was determined that the nanoemulsions undergo a two-stage gelation at rising
temperatures: homogenous percolation followed by phase separation. This is contrary to what had
been found previously, where the gelation is induced by single mechanism depending on ¢ [98].
However, we also showed that the thermal response of the nanoemulsion was sensitive to oil

droplet size and temperature history, which could explain the difference in observations.

Although there are some differences in the results due to slight differences in composition, both
works [98,143] showed that at sufficiently high ¢ and relatively high T, the nanoemulsions undergo
phase separation and become dynamically arrested. Using inverted optical microscope with the
texture analysis microscopy [32], Gao et al. captured the microscopic dynamic process of
coarsening through spinodal decomposition to the arrested state. As expected, the nanoemulsion
forms heterogeneous, bi-continuous networks consisting of droplet-rich and droplet-poor domains,
consistent with the results by using confocal microscopy [143]. The microstructures were further
studied by analyzing the large amplitude oscillatory shear (LAOS) rheology with simultaneous
neutron scattering [96]. Interestingly, Kim et al. found out that the nanoemulsion gel shows two-
step yielding. This nonlinear mechanical response is due to the initial compression and rupture of

dense fractal domains, followed by clusters breakage into a homogeneous dispersion.

Although the work of the LAOS study focused more on the evolution of the heterogeneous
nanoemulsion gel microstructures under yielding, it also suggests that the internal structures are of
a hierarchical nature, and that it may be possible to obtain more information by locally probing the
networks. However, there are few direct microscopic studies on thermogelling nanoemulsions.
Moreover, the characterization of the nanoemulsion is primarily performed with bulk rheology.
Although it has been shown that such studies can be aided by microscopy, direct probing without

compromising the microstructures would be beneficial.

Here, we performed video microscopy multiple particle tracking (MPT) to study the thermally-

gelling nanoemulsion at various temperatures. For this study, we chose a nanoemulsion with ¢ =
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0.15. At this oil loading, the nanoemulsion microstructure shows a correlation length that spans
0.1 to 10 um at different temperatures [143]. For such a highly heterogeneous system, MPT is a
useful tool for quantitative analysis because the probes embedded in the sample can reveal the
local rheological properties of the material on a microscopic scale [87,88,93,212-225]. We show
that by tailoring the colloidal probe surface chemistry we can control the residence of the probes
to be either in the droplet-rich or droplet-poor phase, thus allowing us to investigate each domain
independently. Our results show stark differences in probe dynamics in each domain, and the
dynamics also show significant probe-size dependency. Unmodified polystyrene beads appear to
tether strongly to the nanoemulsion gel at elevated temperatures, whereas carboxylate-modified
polystyrene beads appear to be “slippery” and explore the large pores in the nanoemulsion gel.
This work introduces a method to target specific regions in a nanoemulsion gel for characterization

via MPT, and has implications for the design of new nanoemulsion-based composite materials.

6.3 Materials and methods

6.3.1 Materials

Nanoemulsion and confocal imaging: Poly(ethylene glycol) diacrylate (PEGDA, M, = 700 g/mol),
sodium dodecyl sulfate (SDS), silicone oil (PDMS, viscosity = 5¢St at 25 °C), lipophilic dye
PKH26 (excitation and emission wavelengths Aex/Aem = 551/567 nm) and photoinitiator 2-hydroxy-
2-methylpropiophenone (Darocur 1173) were purchased from Sigma-Aldrich and used without

further purification.

Particle tracking: Fluorescent polystyrene beads were purchased from Polysciences
(Fluoresbrite® YG, lex/hem = 441/486 nm). Two types of probes with selected sizes were used in
this work: polystyrene beads with no surface modification (diameter 2a = 1 and 2 pm) and

polystyrene beads surface modified with carboxylate groups (2a =1, 1.5 and 2 um).

6.3.2 Synthesis of nanoemulsion
The oil-in-water (O/W) nanoemulsion in this work consisted of PDMS droplets (D = 36 nm with
polydispersity = 20%) dispersed in a continuous phase of PEGDA with volume fraction = 0.33,

SDS at a concentration of 0.175M and de-ionized water. The oil volume fraction (¢) of the
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nanoemulsion was 0.15. To generate the nanoemulsion, a pre-emulsion was first prepared by
adding the silicone oil into the aqueous mixture of PEGDA and SDS under magnetic stirring with
a speed of 700 rpm. Stirring was maintained for at least 15 min to ensure there was no macroscopic
phase separation. This pre-emulsion was processed into the nanoemulsion by using a high-pressure
homogenizer (EmulsiFlex-C3, Avestin). The homogenization was conducted at a pressure of
18,000 psi for 15 passes, and the emulsion was cooled to 4 °C between each pass. The diameter of
the droplets was measured using dynamic light scattering (90Plus PALS, Brookhaven Instruments)
after diluting the oil phase from ¢ = 0.15 to ¢ = 0.002 by using an aqueous diluting agent consisting
of PEGDA in de-ionized water (P = 0.33). Dilution using this solution was shown to have
negligible influence on the oil droplet size and polydispersity [21]. The final nanoemulsion was

stored at 4 °C until further use.

6.3.3 Multiple particle tracking

Before adding the fluorescent probes into the nanoemulsion, the beads were washed in a solution
with the same composition as the continuous phase of the nanoemulsion by centrifugation and
redispersed by vortexing. This process was repeated three times for all beads to remove potential
chemical residuals in the stock bead solutions. After the washing step, the beads were added into
the nanoemulsion with a volume fraction = 0.02%. Depending on the probe size, 50-100 randomly

dispersed beads were tracked within the microscope field of view.

The nanoemulsion containing the colloidal probes was then sealed in a custom-built chamber that
was designed to maintain thermal homogeneity when mounted on a microscope heating stage (AT
< 0.2 °C across the chamber). A schematic of the device is shown in Appendix E Fig. E1. The
slides were fixed in place using UV-curing glue. After the sample was loaded into the chamber,

both ends were sealed by epoxy glue.

Particle tracking was performed using an inverted fluorescence microscope (Axiovert 40 CFL,
Zeiss) equipped with a 40x objective (N.A. = 0.75). A filter set (XF404, Omega Optical) was used
which allowed only fluorescent beads to be excited and imaged. The temperature of the sample
was controlled by a heating stage (TSAO02i, Instec) mounted on the microscope stage. An objective
warmer (OW-1, Warner Instruments) was used to minimize the potential thermal fluctuation due

to the air between the objective and the sample [32]. The temperature was calibrated by an
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additional digital thermometer (#51 II, Fluke).

The sample was placed on the stage when the heating stage reached the target temperature. Images
were taken after 10 minutes by using a charged couple device (CCD) camera (Manta G-145, Allied
Vision) at a speed of 30 frames per second with a shutter speed of 8 ms. A total of 900 frames
were collected for each movie. The time for the largest beads to settle due to gravity in the chamber
is = 120 min in our system [94], which is much larger than the experimental time scale = 10min.
Moreover, although the Peclet number = 0.5 indicates the gravitational settling is not negligible
compared to Brownian motion for largest beads [6], we will show that the settling effect does not
perturb the native microstructure of the gelling nanoemulsions in Section 6.3. For each type of
bead at the target temperature, 5-8 movies were recorded to ensure a large ensemble of bead
trajectories. The experiments were performed separately for beads with different surface chemistry

and sizes suspended in freshly prepared nanoemulsions.

6.3.4 Microrheology

Probe dynamics from the movies were then analyzed by publicly available Matlab codes
(http://people.umass.edu/kilfoil/downloads.html), which are based on IDL codes originally
developed by Crocker and Grier [226], The mean squared displacement (MSD) is calculated by

analyzing the bead trajectories:
MSD = (Ar?(1)) = ([r(t + 7) — r()]*) (6.1)

where r is the position of the bead, t is time, 7 is lag time and the bracket represents the time
and/or ensemble average. However, Eq. (6.1) needs to be corrected for a static error caused by the
inherent noise in particle tracking [227,228]. An additional experiment was performed to
determine the static error — the probes were immobilized in a 3 wt% agarose gel and the apparent
MSD (so-called static error) was calculated (See Appendix E Table E1 for the static errors of all
beads). The static error was then subtracted from Eq. (6.1).

The measured MSD was used to calculate the sample viscoelasticity via the generalized Stokes-

Einstein relation (GSER) [87,97]. The complex shear modulus, G* is described as,
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where w = 1/t is the frequency, kg is the Boltzmann constant, T is the absolute temperature, a is
the bead radius, i is the imaginary unit and F, is the Fourier transform function. In order to use
GSER to calculate the shear moduli, Eq. (6.2) needs to be modified [97]. By assuming the local

power law applies at the frequency of interest, Eq. (6.2) can be transformed to:

1G*| ~ il 6.3
" ma(Ar?(1/w))T[1 + a(w)] e~
2
where I' is the gamma function and a(w) = M| .
dint t=1/l‘.l)
Finally, the elastic modulus, G’(®) and the viscous modulus, G”(w) are calculated as,
na(w
G' = IG*ICOS( ; )), (6.4)
wa(w
= |G*|sin( ; )). (6.5)

6.3.5 Bulk rheology

Bulk rheology was measured using a stress-controlled rheometer (ARG2, TA Instruments)
equipped with a Peltier plate to control temperature. A stainless steel 2° cone with a diameter of
60 mm was used to perform small amplitude oscillatory shear (SAOS) measurements at a strain of
vy = 0.05% [21]. A solvent trap was used to reduce potential evaporation of the sample during the
measurement and a few drops of de-ionized water were added on top of the cone. For both
temperature ramp and frequency ramp characterizations, a preshear was applied by constant
rotation at a rate of 20 rad/s for 30 seconds, followed by a one-minute period where the sample
remained quiescent at T = 20 °C. For frequency sweep measurements, after the preshear was
finished, the nanoemulsion was raised to the target temperature and then remained quiescent for
10 minutes. Freshly loaded nanoemulsion was used for each target temperature. For temperature
ramp measurements, the temperature was raised at a speed of 2 °C/min with a fixed angular

frequency @ = 20 rad/s. The moduli were measured at a lag time of 5 seconds.
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6.3.6 Confocal microscopy

The microstructures of the nanoemulsions with and without beads were captured by a laser
scanning confocal microscope (LSM 700, Zeiss) equipped with a 63x oil-immersion objective
(N.A. = 1.4). To prepare samples for imaging, the nanoemulsion was first mixed with 1 vol% of
fluorescent dye PKH26 and 1 vol% of the photoinitiator Darocur. The addition of these chemicals
has been shown to have negligible effect on the nanoemulsion microstructure [143]. For the
samples containing probe beads, the beads were also added at this stage at the same volume
fraction as used for particle tracking (beads were also washed as stated previously). Then, 150 uL
of the mixture was loaded in a glass chamber (Lab-Tek™ #155411, Thermo Fisher Scientific).
The sample was placed in a preheated oven at the target temperature for 10 minutes. Subsequently,
the sample was exposed to UV light (A = 365 nm) for one minute in the oven. The crosslinking of
PEGDA locks the nanoemulsion microstructure in place to allow for direct visualization of the

structure at room temperature on the confocal microscope.

6.4 Results and discussion

6.4.1 Thermally-gelling nanoemulsion system

The thermally-gelling oil-in-water (O/W) nanoemulsion is composed of silicone oil
(poly(dimethyl siloxane), PDMS, 5 cSt) droplets (diameter (D) = 36 nm) dispersed in a continuous
phase consisting of a telechelic polymer, poly(ethylene glycol) diacrylate (PEGDA, My = 700
g/mol), at a volume fraction P = 0.33, and a surfactant, sodium dodecyl sulfate (SDS), at a
concentration of 0.175 M. The oil volume fraction ¢ was chosen to be 0.15. At ¢ = 0.15, the
nanoemulsion microstructure shows a wide span of characteristic lengths (= 1 to 20 um) at different
temperatures [143]. For such a highly heterogeneous system, multiple particle tracking (MPT) is
a useful tool for quantitative analysis because the probes embedded in the sample can reveal the
local rheological properties of the material [87,88,93,212-215,219-225]. In addition, at ¢ = 0.135,
the viscoelastic moduli of the nanoemulsion above the gel temperature ranges from about 10 to
400 Pa [21,143]. With our experimental setup, the static error [227] is = 2x107 um? which sets the
limit of the largest measurable elastic modulus to = 150 Pa, as calculated by the generalized Stokes-

Einstein relation (GSER) [229]. We acknowledge the inherent limit of the video microscopy
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particle tracking in our setup where materials with large elasticity cannot be well characterized.
However, within the limit of 150 Pa, MPT is capable of capturing the local microenvironment in
the gelling nanoemulsion. The focus of our work is to demonstrate one of the first studies in
utilizing tracers of different surface chemistry to probe the local dynamics of spatially

heterogeneous gelled nanoemulsions.

The thermal gelation of the nanoemulsions occurs due to interdroplet bridging via telechelic
polymer gelators containing hydrophobic end groups [21]. When the temperature increases, the
hydrophobic end groups of PEGDA partition into the oil/water interface which results in
interdroplet bridging (Fig. 6.1A). This attractive interaction eventually results in an interconnected
gel networks that span the system, transforming the nanoemulsion from a liquid-like material to a
viscoelastic solid, as shown in Fig. 6.1B. At room temperature, the nano-sized droplets are well
dispersed because of a large Laplace pressure and electrostatic repulsion provided by the surfactant
[6-8]. Above the gel temperature, the droplets self-assemble and form a space-filling network,
turning the nanoemulsion dispersion into a gel state. This increase in the apparent size of the
droplet-rich phase also results in increased turbidity, consistent with what has been reported

previously [60].

(A) PDMS droplet
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Figure 6.1 Thermally-gelling nanoemulsion (P = 0.33, ¢ = 0.15) and its viscoelasticity. (A) Schematic of
the thermally-gelling mechanism. (B) Photographs of the nanoemulsion at T = 25 °C (transparent liquid)
and T= 50 °C (turbid gel). (C) Frequency sweep of viscoelastic moduli from T =30.0 to 50.0 °C (y = 0.05%)
from bulk rheology. Filled symbol = G’; open symbol = G”.

Bulk small-amplitude oscillatory shear experiments were performed to measure the viscoelastic

moduli (G* and G”) over a range of temperatures spanning the gel point (Fig. 6.1C). At T =30.0
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°C, the storage module scales as G’ ~ »” and the loss modulus scales as G” ~ w', representing a
liquid-like behavior [21,143]. At T =32.5°C, G’ = G” ~ 0" over a wide span of frequencies, where
n is the relaxation exponent [112]. Winter and Chambon suggested that the critical gel point is
found when G’(®) and G”(®) show the same power law exponents on a log-log plot [111]. We
find that n = 0.5 (Fig. 6.1C), which indicates stoichiometrically balanced end-linking networks
[113]. At the critical gel point, the colloidal system forms a sample-spanning gel network [113].
Above the gel point, the elastic modulus G’ is larger than the viscous modulus G” for all

frequencies and both moduli become nearly independent of frequency.

6.4.2 Direct visualization of microstructures

The macroscopic viscoelasticity of a material is determined by its microstructure [2,230]. We used
confocal microscopy to directly visualize the microstructure of the nanoemulsions at various
temperatures. By taking advantage of the abundance of telechelic polymers (PEGDA) in the
continuous phase, we locked the microstructure in place at target temperatures by photo-
crosslinking the PEGDA with UV light for 1 minute. This approach enabled us to study the various
microstructures at room temperature using fluorescence confocal microscopy. Fig. 6.2 shows
representative 2D images of the nanoemulsion at T = 30.0 to 50.0 °C. We added a small amount
of a lipophilic fluorescent dye (PKH26) for visualization. It has been shown that the addition of

fluorescent dye and photoinitiator has negligible effect on the nanoemulsion structure [143].

At T = 30.0 °C, the nanoemulsion exists predominantly as small clusters (= 0.7 pm) that are
dispersed in the continuous phase. These clusters display liquid-like rheology (Fig. 6.1C) and the
moduli do not change over a wide period of time at a fixed frequency and strain (Appendix E, Fig.
E2). In addition, at T = 30.0 °C where the thermally bridging is not prominent (below the gel
temperature) and the PEG-SDS association in low temperature regime has not taken place [60],
the clusters formed are likely due to the combination of short-range attraction by weakly bridging
and perhaps PEGDA depletion, and electrostatic repulsion by ionic groups of SDS on the droplets.
These observations suggest the likelihood of forming a clustered fluid, which is consistent with
weak droplet interactions at this moderate temperature [8,103,231,232]. Future studies are needed

to fully characterize the nature of these clusters below the gel temperature.
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30.0°C

Figure 6.2 Representative 2D images of nanoemulsion microstructures by confocal microscopy at T =30.0
to 50.0 °C. The red fluorescent regions are the droplet-rich phase and the dark regions are the droplet-poor
phase. Scale bars = 5 pm.

At T = 32.5 °C, the droplets begin to form droplet-rich and droplet-poor regions which become
more distinctive at T = 35.0 °C. In this temperature regime, thick droplet strands co-exist with
small clusters [143]. Although it is difficult to discern a spanning network from the 2D images,
results from bulk rheology suggest the gel point is within this temperature range. From Fig. 6.1C,
the moduli at the gel point are small (G* = G” ~ 0.1 to 10 Pa). The small values of G* and G”

indicate a very weak gel, suggesting that the nanoemulsions form a sparsely connected structure.

When further increasing the temperature to T > 35.0 °C, the attraction between droplets increases
[21,32]. Stronger attraction can induce dynamically arrested phase separation in a colloidal system
[1]. The strand-like droplet-rich regions of the nanoemulsions become smaller when the
temperature increases beyond the gel point [233], as shown in Fig. 6.2. At these high temperatures,
the spanning networks give the nanoemulsion a solid-like behavior. This solid-like behavior is
evident in Fig. 6.1C, which shows that G’ reaches a plateau that is nearly independent of frequency

and has a value that is an order of magnitude larger than G”.

Quantitative analysis of microstructures can be obtained by calculating correlation lengths of
droplet-rich domains, Lc [143.204,234]. Using the image processing software ImagelJ, we first
applied a fast Fourier transform to the image and obtained the scattered light intensity. Then, we

calculated the radially averaged light intensity I(q) of the processed image. where q is the wave
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vector. Finally, we computed the correlation length as Lc = 27/qmax, Where max is the wave vector
of the maximum averaged light intensity (Appendix E, Fig. E3 for an example). Table 6.1 lists Lc
from T = 30.0 to 50.0 °C. The results are consistent to what has been reported in prior work [143].
Before the onset of phase separation (T = 35.0 °C), Lc gradually increases as temperature rises,
and shows a sharp increase at T = 35.0 °C. After the phase transition, Lc decreases as temperature
continues to rise. The results are consistent with the images in Fig. 6.2. Readers interested in a
systematic study relating Lc to rheological properties of this nanoemulsion are referred to previous
work by our group [143].

Table 6.1 Correlation lengths of droplet-rich domains (Lc), sizes of droplet-rich domains (Liicn) and sizes
of droplet-poor domains (Lpoor) from T =30.0 to 50.0 °C. Error bars = 1 standard deviation from 5-8 images.

T (OC) LC (}Lm) Lﬁch (l"-m} Lpoor (Pm)
30.0 1.66+0.08 0.67+0.34 0.40+0.16
5.01 +£2.68

3215 17.3+14.2 055+021 0.62+0.55
5.98+4.01
35.0 329+12.4 0.49 = 0.26 0.95+0.54

37°5 346026  2.12+2.28 2.90+3.82
40.0 3.38+£0.29 P95 151 2.46+3.54
425 2.54+0.21 1.74+1.42 2.10+£3.75
45.0 2:35::0:23 1.69+ 1.40 1.87+1.88
47.5 2.08+0.14 1.32+1.40 1.52+1.24
50.0 1.82+0.31 1.24+0.97 1.45+1.94

In addition to Lc¢, we also computed the size of droplet-rich and droplet-poor domains, denoted as
Lrich and Lpoor respectively. By using Imagel, we applied a built-in function “Analyze Particles” to
the images after performing the “Threshold” function. For Lyeor, the white/black values of images
were first inverted before “Threshold”. We set the average minimum Feret diameter to be Lyich or
Lpoor, Where the Feret diameter is defined as the distance between two parallel lines that are
tangential to the outline of a 2D object (Appendix E Fig. E4 for detailed description). For example,
Lrich would be the diameter of sphere-like clusters at low temperatures and the width of the strand-
like aggregates at high temperatures. An additional step is performed for computing Lrich at T =
32.5 and 35.0 °C. At these two temperatures, the histogram of sizes of droplet-rich domains shows
a bimodal distribution with a local minimum in the probability distribution at 2 um, distinguishing

the two populations. This bimodal distribution is qualitatively seen in Fig. 6.2. Therefore, for these
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two temperatures we calculate and report two averaged minimum Feret diameters. Moreover, At
T = 30.0 to 35.0 °C, due to the lack of isolated droplet-poor domains, Lyoor Was computed by
measuring the separation distance between two near droplet-rich domains (Appendix E Fig. E5 for
an example). At least 50 measurements were obtained at each temperature. Table 6.1 lists Lrich and

Lpoor from T = 30.0 to 50.0 °C.

Here we acknowledge the large standard deviation listed in Table 6.1. The major reason for the
large variation is because the droplet-rich and droplet-poor domains are spatially heterogeneous.
Additionally, the concave surfaces of the objects might contribute to the deviation [235,236]. For
example, the minimum Feret diameter of a concave droplet-rich strand would be larger than the

width of the strand.

The results from Fig. 6.2 show that the nanoemulsion forms different interconnecting droplet-rich
and droplet-poor phases at various temperatures. Next, we probe each domain by controlling the
surface chemistry of MPT beads, and study how these two domains exhibit probe-size dependent

dynamics.

6.4.3 Microstructures with particle tracking probes embedded

Fig. 6.3 shows representative images of the nanoemulsions mixed with green fluorescent
polystyrene colloidal probes containing two different surface chemistries at selected temperatures.
The top row is the samples mixed with carboxylate-modified polystyrene beads (hereafter denoted
as carboxylate beads), and the bottom row is mixed with bare polystyrene beads (no surface
modification, hereafter denoted as plain beads). The continuous phase of the nanoemulsions
consists of excess SDS surfactant that adsorbs to the bare polystyrene beads and stabilizes them.
The bead volume fraction is 0.02%, which is the same concentration used for the MPT experiments.
Interestingly, all the carboxylate beads reside in the droplet-poor phase and nearly all the plain
beads reside in the droplet-rich phase across all temperatures. This is confirmed by the fluorescent
color of the beads — the carboxylate beads remain green in each image (their native emission color),
but the plain beads appear yellow, due to the addition of red fluorescence (from the PKH26 dye in
the droplets) and green fluorescence from the beads. To further validate the light spectrum addition
argument, we mixed 1 pm plain beads in a nanoemulsion suspension of P = 0.33 and ¢ = 0.05 at

T =40 °C. At this low volume fraction, the nanoemulsion forms a microstructure that allows only
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part of the plain beads to reside in the droplet-rich domains. Representative images are shown in
Fig. 6.4. As expected, only the region of a bead in the droplet-rich phase becomes yellow, while
the other part remains green. Fig. 6.4 also indicates that the yellow color is not a result of the
adsorption of lipophilic dye to the entire bead surface. Fig. 6.3 and 6.4 illustrate that, by properly
tailoring the surface chemistries of the beads, we can independently probe droplet-rich and droplet-
poor domains via MPT. Further images from experiments with higher bead loadings are shown in

Appendix E Fig. E6.

35.08C 40.0°C 45.0°C

Carboxylate beads
Oi i0

Figure 6.3 Representative confocal images of the nanoemulsion mixed with particle tracking probes at T =
35.0, 40.0 and 45.0 °C. Upper row: nanoemulsion mixed with carboxylate-modified polystyrene beads
(carboxylate beads); bottom row: nanoemulsion mixed with bare polystyrene beads (plain beads).
Carboxylate beads reside in the droplet-poor phase (dark region) and plain beads reside in the droplet-rich
phase (red fluorescent region). Scale bars = 5 pm.

Plain beads

Za-lum

PS = polystyrene

Qualitatively, the addition of the beads does not affect the microstructures formed by the
nanoemulsions, as seen in Fig. 6.3. Quantitatively, we compare Lc of the pure nanoemulsion and
the nanoemulsion mixed with carboxylate beads and plain beads at T = 35.0, 40.0 and 45.0 °C
(Appendix E Table E2). The microstructures are not influenced by the addition of the beads as Lc
of all systems are nearly the same at each temperature. We also performed a temperature-ramp
rheology measurement to show that the addition of beads has negligible effect on the bulk linear

viscoelasticity of the nanoemulsion (Appendix E Fig. E7). In addition, although plain beads reside
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in the droplet-rich phase, we show that plain beads do not induce droplet aggregation (Appendix
E Fig. E8).

Figure 6.4 Confocal images of 1 pm plain beads embedded in the nanoemulsion with P = 0.33 and ¢ = 0.05
at T = 40.0 °C. Only the part of bead partitioning into the droplet-rich phase is yellow, while other parts
remain green. This images support the hypothesis that the change in color observed for colloidal probes is
correlated with their residence in the droplet-rich phase. Scale bar = 1 pm.

6.4.4 Bead-nanoemulsion droplet interaction

We hypothesize that the telechelic PEGDA polymer can thermally bridge the plain beads to the
nanoemulsions, leading to the strong association of plain beads with droplet-rich regions. This
hypothesis assumes that the hydrophobic end group of PEGDA associates with the plain bead
surface. If such a polymer-bead association takes place, then plain beads should thermally cluster

in the presence of PEGDA without nanoemulsions.

To test our hypothesis, we designed a bead-aggregation experiment. We mixed carboxylate and
plain beads of diameter = 1 pm in a solution having the same composition as the continuous phase
of the nanoemulsion and added 1 vol% of photoinitiator. The bead volume fraction was = 0.2 %,
and we performed the experiment at two different temperatures. For samples at T = 25 °C, the
mixtures were directly exposed to UV light after sitting at room temperature for 10 minutes. For
T = 40 °C, the samples were placed in the oven for 10 minutes and then immediately exposed to
UV light. We also repeated the same experiment with a lower PEGDA volume fraction P = 0.05
(this was the lowest PEGDA concentration that could be used for photopolymerization). A total of
eight samples (2 types of beads, 2 PEGDA concentrations, 2 temperatures) were investigated. The

microstructures of the samples were observed by confocal microscopy.
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Results are shown in Fig. 6.5. Under all conditions, carboxylate beads do not aggregate. On the
other hand, plain beads aggregate at T = 40 °C, and the beads form larger clusters when more
PEGDA is introduced. For a quantitative characterization, we define two quantities N¢ and Na. Nc
is the average coordination number, which is defined as the average number of beads surrounding
a central bead (center-to-center distance less than 1 pm in 2D images). Na is the average
aggregation size, which is defined as the average number of beads within a single aggregate. For
all samples at T = 25 °C, N and N, are zero, which means that the particles are well dispersed. For
the plain bead groups at T = 40 °C, when P increases from 0.05 to 0.33, Nc increases from
0.84+0.94 to 1.1£0.91 and N, increase from 2.3+0.79 to 2.9+2.0. Two other quantities, Nx and Ny,
are also defined to signify the changes in the aggregation, where Nx is the fraction of beads in the
aggregates (dimer, trimers, etc.) and Ny is the fraction of beads in the aggregates excluding dimers.
At T =40 °C, Ny and Ny increase from 0.50 to 0.78 and 0.13 to 0.44 respectively, as P increases
from 0.05 to 0.33. This experiment shows that the plain bead-PEGDA mixture forms particle
aggregates at high temperatures. In addition, stronger aggregation is induced when the PEGDA
concentration is increased. In fact, telechelic polymer bridging via hydrophobic end-functionalized
groups has been already found between solid particle surfaces [237-240], as well as in
microemulsions [241-243] and micelles [244,245]. In Fig. 6.6, we propose a schematic of how
nanoemulsion droplets associate with plain beads. On the other hand, we believe the absence of
bridging in the carboxylate beads is because of the charged carboxylated group present on the
polystyrene surface. Although the surfaces of carboxylate beads and nanoemulsion droplets can
provide strong electrostatic repulsion (having zeta potentials of -45 and -42 mV respectively), the
telechelic polymer bridging is stronger for the droplets presumably due to the more favorable

chemical environment for the hydrophobic end group of PEGDA as it resides at the droplet surface.
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Figure 6.5 Representative confocal images to validate that plain beads share the same thermally-gelling
mechanism as the nanoemulsion via PEGDA bridging. N. is the averaged coordination number and N, is
the averaged size of an aggregate (number of beads). For all carboxylate bead groups and plain bead groups
at T =25 °C, Nc = N, = 0, indicating beads are well dispersed in the solution. For the plain bead group at T
=40 °C, N and N, increase from 0.8440.94 to 1.1+0.91 and from 2.340.79 to 2.94+2.0, respectively, as P is
increased from 0.05 to 0.33, indicating that clusters are induced by PEGDA, and that more PEGDA induces
stronger aggregation. Scale bars = 5 pm. Error bars = 1 standard deviation.

PDMS droplet
(D =36nm)

Polystyrene
(D=1pm)

Figure 6.6 Schematic of the postulated correlation between plain polystyrene beads and nanoemulsion
droplets.
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6.4.5 Multiple particle tracking microrheology of nanoemulsion suspensions

Having shown that we can control whether the probe beads are in the droplet-rich (plain probe
beads) or droplet-poor phase (carboxylate probe beads), we now use MPT to probe the material
properties in each domain and compare the results. If the material has homogenous rheological
properties across the probe length scale, then the scaled MSD, a{Ar?(t)), will be independent of
probe size. If the material is heterogeneous on length scales comparable to or larger than the probe
size, the scaled MSD for different bead sizes will not collapse onto a master curve

[88,220,222,246].

Fig. 6.7 and 6.9 show the scaled MSD plotted versus lag time, T, for all beads at various
temperatures. All of the scaled MSDs shown here have been corrected for static errors. A slope of
one on the log-log MSD plot represents diffusive probe dynamics in a Newtonian fluid. For a MSD
slope between zero and one, the fluid is non-Newtonian and shows viscoelastic behavior. For a

MSD slope that is equal to zero, the material is solid-like and the beads are locally trapped.

6.4.5.1 MPT using carboxylate bead probes

Fig. 6.7 shows the results for carboxylate beads with diameter 2a = 1, 1.5 and 2 um in the
nanoemulsions at various temperatures. All of the carboxylate beads show a similar trend: as the
gelation proceeds, the scaled MSD decreases, and this decrease is progressively larger for larger
beads. This trend is consistent with the shrinking droplet-poor domains as nanoemulsions cluster
via polymer bridging. At low temperatures (T = 30.0 to 35.0 °C), for all beads the scaled MSDs
are diffusive and in good agreement, which suggests the nanoemulsion is homogeneous at these
length scales being probed. This agreement breaks down when the temperature is increased to 37.5
°C, where a{Ar?(t)) of 2 um beads is lower than the other two bead sizes, and a{Ar?(t)) for 1.5
um probes begins to show a clear temperature dependence at T = 42.5 °C. Differences among the
MSDs for the three probe sizes increase with increasing temperature. At T = 50.0 °C and t =10 s,
a{Ar?(t)) of the 1.5 and 2 um beads are smaller than that of 1 pm beads by half and one order of
magnitude respectively. In addition, a{Ar?(t)) of 2 pm beads has a slope which decreases with
increasing lag time. While not reaching a plateau per se, the MSD suggests restricted probe
dynamics consistent with beads being partially trapped in droplet-poor domain cages in the

nanoemulsion gel. At smaller T, probes are undergoing Brownian motion and show diffusive
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dynamics; at larger 1, probes become restricted in cages. The restriction is prominent when the size
of the droplet-poor domains is closer to the size of the beads, which also explains why the scaled
MSDs do not collapse onto a master curve for different sizes of beads at high temperatures.
Therefore, it is not surprising the 2 pm carboxylate beads are more sensitive to the gelation since

the gel pore size, represented by Lpoor, is = 1 to 2 um at elevated temperatures (Table 6.1).

10" 0% 200°C 200°C
. :25°C - 325°C| 2a=1.5pum - 325°C
so°c 350°C 350°C,
Jll - s7s°C 375°C 1 375°C
~10 400°C 40.0°C 400°C
i) 425°C 425°C| 1 |7’ 425°C
5 430-0 450°C = » 450°C|
a7s°C . 475°C at a75°C
107 - so0c -+ 500°C] el - 500°C
_~~ L] “-‘ S:f {T oS
8 i g ; £ ‘_\\
q ' E’O_[ L3 50_| »
~ a0 2 L 7]
@ 10 4 =5 3
001 T=35sec 0.01 =5 sec .
A 30 35 40 45 50 30 35 40 45 50
10* (A) . 100 (B) C0 (©)
10* 10" 10° 10' 102 10" 10° 10" 107
T (sec)

Figure 6.7 Scaled MSD of carboxylate beads of different sizes at rising temperatures. The bead diameters
are (A) 1 um, (B) 1.5 um and (C) 2 um. The logarithmic slope = 1 represents diffusive probe motion. All
carboxylate beads show a similar trend: as the gelation proceeds, the scaled MSD decreases, and this
decrease is progressively larger for larger beads. Inset: MSD at t =5 s plotted versus temperature.

In Fig. 6.7A, 1 pm carboxylate beads show an interesting behavior. First, despite the fact that the
nanoemulsion forms a strong gel, the MSD remains diffusive and does not decrease significantly
at rising temperatures. In fact, for the probes which do not associate with the network, they show
viscoelastic MSD only when they are trapped by the materials [225]. Even at T = 50.0 °C, the size
of the droplet-poor domain is still larger than the 1 pum beads (Table 6.1), which indicates the 1 um
beads can still diffuse through this domain without much restriction compared to larger beads.
Second, the MSDs of 1 um beads are different than those of other two sizes of beads at rising
temperatures. For 1 um beads, the MSD first increases from T = 30.0 to 37.5 °C (Fig. 6.7A, T =
30.0 °C, magenta, which overlaps with T = 32.5 °C, blue, and T = 35.0 °C, cyan) and decreases
after T = 40.0 °C (yellow), which can also be seen in the inset that plots the MSD at a lag time © =
5 s. This initial increase in MSD with temperature is less obvious for 1.5 um beads and is almost
absent for 2 pm beads. We believe that the higher mobility in this temperature range is due to the
decrease in viscosity in the continuous phase (see Appendix E Fig. E9 for continuous phase
viscosity as a function of temperature). At temperatures above T = 37.5 °C, the droplet-poor

domain cages are well established (Fig. 6.2), and the decrease in MSD results from the steric
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restriction of the cages and the hydrodynamic interaction from the surrounding droplet-rich phases
[247]. Appendix E Fig. E10 shows the plot of MSD versus dimensionless lag time for carboxylate
beads and includes an extended discussion in the increase and subsequent decrease of MSD at

rising temperatures.

As the size of beads approaches to the size the droplet-poor domains, bead hopping can occur
[247-249]. Hopping is a phenomenon when beads jump from one confinement cage to another,
and the residence time trapped in a cage is longer than the jump time. In prior MPT studies, cages
were formed by polymer networks, whereas in our system the cages arise from the macroporous
gelled nanoemulsion. The size of the droplet-poor domains are = 1.5 pm at T = 50.0 °C (Table 6.1),
which is comparable to the size of the 2 um beads. Indeed, we found some of the 2 um carboxylate
beads exhibit hopping. (Note that since we calculated the ensemble-average MSD across all
particle trajectories, cage-hopping events have already been accounted for in the raw data and are
not subtracted from MSD shown in Fig. 6.7). Fig. 6.8 shows the representative spatial and temporal
probe trajectories for hopping beads. After constrained motions for a relatively long time, hopping
happens at a very short time scale wherein the probe jumps from one droplet-poor phase cage to
another. In addition, the trajectories shown in Fig. 6.8 are consistent with the size of the droplet-
poor phase in Fig. 6.2 and Table 6.1. From Fig. 6.8, the movement is ~ 0.1 pm, along with size of
the 2 pm beads, the size of the droplet-poor domain is about 2.1 um, which is consistent to the
results in Table 6.1 and Fig. 6.2 (Note that Lpoor is defined as the minimum Feret diameter, which

is the size of the domain in the smallest dimension.).
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Figure 6.8 Representative spatial and temporal probe trajectories when hopping happens at T = 50.0 °C
using 2 um carboxylate beads. Arrows indicate hopping events.

6.4.5.2 MPT using plain bead probes

Fig. 6.9 shows the behavior of plain beads with 2a = 1 and 2 um in the nanoemulsions at various
temperatures. Overall, the plain beads are sensitive to the nanoemulsion gelation and have
dynamics which range from simple diffusion in a Newtonian fluid at low temperatures to nearly

flat MSDs at high temperatures, indicative of a solid-like material.

The MSDs of plain beads are probe-size dependent. At low temperatures, although the scaled
MSDs ~ t* for both sizes, 2 pum beads have smaller a{Ar?(T)). We believe this is due to the larger
beads having a larger surface area to interact with the droplets or clusters in the nanoemulsion (See
Appendix E Table E3 for the discussion on viscosity of the nanoemulsion obtained by bulk
rheology and MPT at T = 30.0 °C). This association also affects the probe dynamics as the
temperature increases. At T = 35.0 °C, a(Ar?(t)) of 2 um beads shows a clear decrease from T =
30.0 and 32.5 °C; while for 1 pm beads, this decrease happens at T =37.5 °C. At T = 35.0 °C, the
size of the droplet-rich domain (= 6 pm from Table 6.1) is larger than both sizes of plain beads,
which means that beads of both sizes can be entirely engulfed in the droplet-rich domain. Larger
beads interact with more droplets. Such interaction can effectively limit bead motion and cause the
observed decrease in the scaled MSD, which is more obvious at higher temperatures where beads

show a flat MSD.
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Figure 6.9 Scaled MSD of plain beads for different sizes at rising temperatures. The diameters are (A) 1
pm and (B) 2 um. As temperature increases, the scaled MSD decreases and becomes flat. Both sizes of
plain beads are sensitive to the temperature change, suggesting that measurements of material stiffness are
dependent on the correlation between the probes and the network.

However, the smaller a{Ar?(t)) for 2 pm beads at the same T does not hold when further
increasing the temperature. When T is above 40.0 °C, the scaled MSD of 1 um beads decreases
faster than 2 um beads and eventually has smaller a{Ar? (1)), indicating that the smaller beads are
more tightly trapped within the networks at high temperature. The more restricted probe dynamics
of the smaller beads are explained by the size of the droplet-rich domains in Table 6.1. At
temperatures above 40.0 °C, Liich decreases from 1.95 to 1.24 pm, which means that 2 um beads
cannot be entirely enveloped in the droplet-rich phase. Instead, the beads partially enter the droplet-
poor phase, which leads to less bridging to the nanoemulsion-rich gelled region and more mobile

beads, as shown in Fig. 6.9.

The beads at T = 35.0 °C (cyan) show counter-intuitive scaled MSDs: although T = 35.0 °C is
beyond the gel point from rheometer measurement (Fig. 6.1C), the probes exhibit diffusive
behavior in which a{Ar?(t)) ~ t*. It has been estimated the interdroplet attractive potential energy
via PEGDA bridging is = 0.89kgT at 35.0 °C [21,32]. Compared to the attraction at higher
temperatures, this weaker attraction might result in voids within the droplet-rich domains, which
allows probes to easily move even in the denser phases, and the probe-size dependent scaled MSD
implies spatial heterogeneity within the droplet-rich phase across the different length scales being
probed. In addition, the rheometer measures rheological response from the cumulating interdroplet

interaction across a bulk scale while MPT probes the local microenvironment, suggesting that a
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weaker gel is probed at the smaller length scales, this will be further discussed later.

6.4.5.3 Comparison of MPT with different probe surface chemistries

By comparing Fig. 6.7 (carboxylate beads, reside in droplet-poor domains) and Fig. 6.9 (plain
beads, reside in droplet-rich domains), it can be observed that the probe surface chemistry strongly
affects the MPT results. This difference between the probe surface chemistry is also seen in Fig.
6.10, which shows MSD at t = 10s in the droplet-poor and droplet-rich domains having
dramatically different probe dynamics. The results suggest that plain beads that tether to the
network are more sensitive to the nanoemulsion gelation. As an example, at T = 50.0 °C (black
dots) the MSD of the plain beads is smaller than that of the carboxylate beads by over 4 orders of
magnitude. Similar differences are also observed for beads with diameter of 2 um. Therefore, along
with the data shown in Fig. 6.7 and 6.9, the MPT of the nanoemulsion is strongly dependent on
the probe surface chemistry, and each of them shows probe-size dependency, which correlates the

results from Fig. 6.3.
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Figure 6.10 MSD at a lag time of 10s versus T for | um carboxylate and plain beads at rising temperatures.
Our results are consistent with other works studying the effect of probe surface chemistry in
microrheology, even though different systems were investigated [213,220,224,225,249-251]. One
of the most well-studied systems is solutions of the semiflexible polymer F-actin (filamentous
actin) [220,224,225,249,250]. Prior work showed that probe surface chemistry can be modified
such that probes adhered to the F-actin networks. For example, the binding of the beads to the
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networks is enhanced by using carboxylate polystyrene beads and is reduced by grafting bovine
serum album (BSA) or polyethylene glycol (PEG) to the surface of the polystyrene beads [249].
Beads bound to the polymer networks are more sensitive to the material’s changes in
viscoelasticity as compared to those that do not adhere to the polymers. In addition, for beads that
are strongly correlated with the network, also known as “sticky beads’ [249], the viscoelasticity of
the material obtained by microrheology is closer to the bulk rheology characterization. On the
other hand, the dynamics of probes having weak or no interaction with the networks depend on

the ratio of the probe to mesh size a/€, as discussed above.

6.4.5.4 Viscoelasticity on the macroscopic and microscopic scales

We calculate the viscoelastic moduli of the nanoemulsion suspensions from the MPT results using
Eq. (6.3) to (6.5). The results from MPT are compared with bulk rheology measurements (Fig.
6.1C) at a frequency ® =~ 20 rad/s, shown in Fig. 6.11 (Appendix E Fig. E11 and E12 contain the
frequency dependent viscoelastic moduli from MPT). Because the plain beads are more sensitive
to the gelation, we do not include the results from the carboxylate beads in the comparison here
(see Appendix E Fig. E13). Fig. 6.11 shows the trends seen in both micro- and macro-
characterizations are similar. At low temperatures, G” dominates, and both moduli grow as
temperature increases. Here, we define a temperature Ts at which G* = G” on Fig. 6.11. Note that
Ts is not necessarily the gel point Teei that is defined by the Winter and Chambon criterion (power-
law exponents of G” and G” being equal in a frequency-sweep measurement, Fig. 6.1C). From Fig.
6.11, Ts obtained from bulk rheology and microrheology using 1 and 2 um beads is approximately
32.5 °C, 40.0 °C and 37.5 °C (from the frequency sweep data, Tgel = 32.5 °C, 37.5 °C and 35 °C
respectively). It is seen that the larger plain beads are more sensitive to the gelation; however, in
the G’-dominant regime, smaller plain beads detect a higher gel strength. Moreover, for both sizes
of the plain beads, the viscoelastic moduli are smaller than that measured by bulk rheology. While
the MSDs at elevated temperatures are small, they are still larger than the static error which sets

the maximum measureable G’ by MPT to approximately 150 Pa.
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Figure 6.11 Comparison of the viscoelastic moduli from bulk rheology and microrheology using plain beads
at frequency ® = 20 rad/s. Filled symbol = G’; open symbol = G”.

We believe the discrepancy in modulus between the macro- and microrheology is a result of
measuring bead dynamics across different length scales in the gels. The rheometer measures the
bulk rheological response from the entire gel. On the other hand, in MPT the plain beads probe the
droplet-rich phase with a length scale on the order of 1 um. As seen in our data (Fig. 6.9 and Table
6.2), at T=32.5 °C, both sizes of plain beads cannot detect the gelling nanoemulsion. However, at
this temperature, the G* measured by bulk rheometry is also very weak, so it is not unreasonable
that the plain beads show little elastic response. Interestingly, at T = 35.0 °C, the 2 um plain beads

start to measure an increasing G’ while the 1 um plain beads remain diffusive in the sample.

Table 6.2 Comparison between normalized Lrich (Lricw/D, normalized by 1 um or 2pum beads) and the G’ (@
=~ 20 rad/s) measured by bulk rheometry and MPT at rising temperatures.

T (°C) L.-jch/Dmm Lrich/DZum Gy (Pa) G,:lpm (Pa) Goum (Pa)

30.0 0.65 0.31 (nanoemulsion is liquid-like)

325 4.84 2.32 1.43 - -

35.0 577 2.3 27.35 - 0.10
375 2.05 0.98 140.70 1.15 834
40.0 1.88 0.90 246.00 26.74 9.09
425 1.68 0.81 342.30 26.04 10.40
45.0 1.64 0.78 399.80 3170 14.98
47.5 1.27 0.61 413.20 33.56 16.40
50.0 1.20 0.58 421.90 51.34 2109

Our data at T = 35.0 °C suggests two points: first, because the droplet attraction is not strong, it is
likely that small voids exist in the droplet-rich phase, although they cannot be clearly visualized

with confocal microscopy due to the resolution limits. Second, the droplet distribution in the
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droplet-rich phase is not homogeneous. According to Table 6.1, Lrich (= 30 um) is large enough
that both sizes of beads can be entirely enveloped in the droplet-rich domain. Therefore, the 2 um
beads have more association with the droplets due to their larger surface area and thus show an

increased value of G’.

To provide a clearer physical picture of the difference between plain beads of varying size and the
local microenvironment that they probe in the sample, we compare the normalized Lrich
(normalized by the diameter of 1 pm and 2pm beads, noted as Lricv/D) with the G’ measured by
bulk rheometry and MPT at rising temperatures in Table 6.2. At T <37.5 °C, droplet-rich domains
are larger than both sizes of plain beads (Lricn/D > 1). The 2 pm plain beads measure a stronger gel
since they can associate with more droplets. However, when T > 37.5 °C where only 1 pm plain
beads can be completely enveloped in the droplet-rich domain, the 1 um plain beads measure a
stronger gel than the 2 pm plain beads. We believe it is because the 2 um plain beads cannot be
entirely trapped in the droplet-rich phase that generates the elastic properties of the nanoemulsion
system (Lrch/D < 1). Future work is needed to expand the sizes of beads, especially using beads

smaller than 1 pm.

MPT hence detects a weaker gel than bulk rheometry. This trend is consistent with prior work
studying the effect of probe-size on microrheology in a Laponite solution [88] and associative
poly(ethylene oxide) solutions [222], as well as the microrheology studies in a microgel particle

suspension [212].

6.5 Conclusion

We carried out a systematic multiple particle tracking (MPT) study on thermally-gelling O/W
nanoemulsions. In this work, we investigated the role of the colloidal probe size and surface
chemistry on MPT in the nanoemulsion system. As temperature increases, hydrophobic groups of
PEG-based gelators (PEGDA) partition into oil/water interfaces and bridge droplets. This inter-
colloidal attraction generates a wide variety of microstructures consisting of droplet-rich and
droplet-poor phases. By tailoring the MPT colloidal probe surface chemistry, we control the
residence of probes and independently measure the probe dynamics within each phase. Our results
show stark differences in the probe dynamics within each domain. At T = 50.0 °C, the mean

squared displacement (MSD) can differ by over four orders of magnitude for the 1 um beads but
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with different surface chemistry. Carboxylate-modified polystyrene beads predominantly reside in
the droplet-poor phase. The lack of association of carboxylate beads with the network results in
“slippery” motion. The scaled MSD of carboxylate beads is consistent with a decreased size of the
droplet-poor domain at elevated temperatures. In addition, we also observed probe hopping
between pores in the gel for “slippery” probes when the beads become comparable in size to pores

in the gel.

On the other hand, polystyrene beads without surface modification (plain beads) predominantly
reside in the droplet-rich phase. We showed that the telechelic PEGDA polymer can bridge plain
beads to each other at elevated temperatures, which suggests that PEGDA can also thermally
bridge the plain beads to the nanoemulsion droplets. This bridging interaction with the network
makes plain beads more sensitive to the viscoelastic changes of the nanoemulsion as temperature
rises. The microrheological properties are also dependent on the size of the plain beads: larger
beads are more sensitive to the gelation transitions while smaller beads detect larger moduli at

higher temperatures.

Our approach allows for the unique ability to probe different regions of a colloidal gel and is useful
for measuring local properties in these mesostructured hydrogels. Our quantitative results obtained
from systematic studies shed light on the microstructures of thermally-gelling nanoemulsions.
From our study, the probe-hopping phenomenon provides direct evidence that the droplet-poor
phase is interconnected, and the results from plain beads suggest the presence of inhomogeneity
within the droplet-rich phase. Furthermore, the selectivity of bead residence in different phases
serves as a potential synthesis method for nanoemulsion-based composite materials. A novel
aspect to these materials is that the added solid colloids with manipulated surface chemistry allows
one to precisely control the residence of colloids in different phases within nanoemulsion gels.
Based on the results presented here, we would expect different composite structures depending on
the surface chemistry of the added colloids. Future work will look at structures formed at higher
particle loadings. For instance, Janus particles with heterogeneous surface modification could
provide the fine control of the particle position at the interface between droplet-rich and droplet-

poor domains.
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Chapter 7

3D Printing of Self-Assembling Thermoresponsive
Nanoemulsions into Hierarchical Mesostructured Hydrogels

7.1 Overview

Spinodal decomposition and phase transitions have recently emerged as viable methods to generate
a variety of bicontinuous materials. Here, we show that when arrested phase separation is coupled
to the time scales involved in three-dimensional (3D) printing processes, hydrogels with multiple
length scales spanning nanometers to millimeters can be printed with high fidelity. We use an oil-
in-water nanoemulsion-based ink with rheological and photoreactive properties that satisfy the
requirements of stereolithographic 3D printing. This ink is thermoresponsive and consists of
poly(dimethyl siloxane) droplets suspended in an aqueous phase containing the surfactant sodium
dodecy] sulfate and the cross-linker poly(ethylene glycol) dimethacrylate. Control of the hydrogel
microstructure can be achieved in the printing process due to the rapid structural recovery of the
nanoemulsions after large strain-rate yielding, as well as the shear thinning behavior that allows
the ink to conform to the build platform of the printer. Wiper operations are used to ensure even
spreading of the yield stress ink on the optical window between successive printing steps. Post-
processing of the printed samples is used to generate mesoporous hydrogels that serve as size-
selective membranes. Our work demonstrates that nanoemulsions, which belong to a class of
solution-based materials with flexible functionalities, can be printed into prototypes with complex

shapes using a commercially available 3D printer with minimal modifications.

This chapter has been adapted with permission from L. C. Hsiao, A. Z. M. Badruddoza, L. -C.
Cheng and P. S. Doyle “3D Printing of Self-Assembling Thermoresponsive Nanoemulsions into
Hierarchical Mesostructured Hydrogels” Soft Matter 2017, 13, 921-929. Copyright 2017 Royal

Society of Chemistry.
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7.2 Introduction

Self-assembly is a popular method to engineer hierarchical microstructure in many types of soft
materials including polymeric hydrogels [252]. Hydrogels can be formed through chemical or
physical crosslinking methods, and are particularly attractive because they provide a hydrated
environment with tunable diffusion profiles and mechanical properties [253-258]. Existing
strategies to prepare structured hydrogels include the use of freeze drying [259,260] and sacrificial
templating [261-263]. These methods only provide a coarse level of control over the resultant
porous microstructure. Spinodal decomposition and phase transitions in situ have recently emerged
as viable methods to generate a variety of bicontinuous materials including bijels [264], demixing
polymers [265], and nematic liquid crystals [266]. These multiphase systems display a rich variety
of microstructure due to the non-equilibrium thermodynamic instability of the constituent building
blocks. Temperature responsiveness is inherent to many of these systems and represents a simple
and effective tuning parameter to access porous microstructure in the micron length scale.
Responsive colloids that form gel networks represent a particularly effective method of self-
assembling such types of structure. Their characteristic domain size depends on the
thermodynamics and kinetics of the highly non-equilibrium process [233,267]. Large,
heterogeneous voids with strands that range from hundreds of nanometers to tens of microns are

commonly observed in colloidal gels [103].

In this chapter, we show that when the dynamics of gelation are coupled to the time scales involved
in three-dimensional (3D) printing processes, a new type of advanced hydrogel material with
multiple length scales spanning nanometers to millimeters can be printed rapidly. 3D printing has
gained popularity in recent years as an additive manufacturing platform that offers unparalleled
flexibility in creating structures with arbitrary shapes and material properties [268,269]. Compared
to ink jetting and extrusion-based methods, stereolithographic (SLA) printing is a layer-by-layer
prototyping technique that shows excellent compatibility with liquid polymeric materials. A
traditional SLA 3D printer operates by photopolymerization at the surface of a resin reservoir, in
which the constructed model is progressively built by moving downwards into the ink [270].
Modern SLA 3D printers utilize an inverse setup and a layer-by-layer process to improve the
printing resolution of each printed layer. First, a build platform is immersed into the resin tank
containing the precursor ink. The microstructure is then photopolymerized using a 405 nm laser

and actuated micromirrors, which patterns the desired motif through an optically transparent
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window. Finally, the platform is withdrawn and re-immersed again to print the next layer, with
automated wiper actions between each print step to remove remnant debris on the optical window
(Fig. 7.1). Oxygen inhibition of the free radical polymerization is an important parameter to
monitor as it controls the overall printing speed [271]. An oxygen permeable poly(dimethyl
siloxane) (PDMS) layer is typically placed above the optical window to ensure a thin lubrication
layer between the printed model and the resin tank, which prevents the model from adhering

permanently to the window [269,272,273].

In order to leverage SLA printing for the fabrication of self-assembled hydrogels, the rheological
properties of the ink should be compatible with the movement of the build platform. High strain
rate deformations are applied to the ink as the platform is repeatedly immersed and retracted over
the duration of the printing process. Many viscoelastic self-assembled materials can exhibit fluid
instabilities [274] and yield irreversibly under these types of large stresses [2]. Thus, in order to
print 3D mesoporous hydrogels with high speed and fidelity, the ink must be able to recover its
original microstructure rapidly after yielding. In addition, the material should shear thin and exhibit
liquid-like response [275] during platform movement such that it conforms to the base of the
printed motif. Here, we demonstrate that thermoresponsive nanoemulsions, which belong to a class
of multiphase materials, can be printed into hierarchical structures using a modern 3D SLA printer

when the rheology of the complex fluid during the printing process is properly accounted for.

7.3 Materials and methods
7.3.1 Materials

We present an oil-in-water nanoemulsion-based ink with rheological and photoreactive properties
that satisfy the requirements of SLA 3D printing. Chemicals are purchased from Sigma-Aldrich
and used without further purification unless otherwise noted. A continuous phase with 33 vol%
poly(ethylene glycol) dimethacrylate (PEGDMA, molecular weight M, = 750 g/mol) and 200 mM
sodium dodecyl sulfate (SDS) dissolved in deionized (DI) water, as well as an oil phase consisting
of poly(dimethyl siloxane) (PDMS) droplets (viscosity, n = 5 ¢P) suspended at a volume fraction
of ¢ =0.25. The hydrophobic fluorescent dye Nile Red (excitation wavelength = 550 nm, emission
wavelength = 626 nm) is dissolved in the PDMS at a concentration of 0.05 mg/mL to enable

confocal microscopy imaging of the nanoemulsions.
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To prepare the nanoemulsions, a crude emulsion is first prepared by adding the oil phase into the
continuous phase under stirring. The crude emulsions are then passed through a high pressure
homogenizer (Emulsiflex-C3, AVESTIN) at a pressure of 15,000 psi for 20 passes. A heat
exchanger is used to chill the sample to 5°C between each pass. After homogenization, the
nanoemulsions are placed in a centrifuge at 5,000 rpm to remove any large impurities and the
supernatant is stored at 4°C until further use. The final diameter of the droplets is measured using
dynamic light scattering (90Plus PALS, Brookhaven Instruments) after dilution to ¢ = 0.002 with
a solvent of 33 vol% PEGDA in DI water (n = 5.8 cP). The diameter of the nanoemulsion droplets

synthesized using this homogenizing method is 2a = (40 + 8) nm.

In order to synthesize 3D SLA printer ink, we require a photoinitiator mixture that is compatible
with the nanoemulsions and that is tailored to the wavelength of the laser source. The photoinitiator
2-hydroxy-2-methylpropiophenone (Darocur) is typically used in photocuring applications.
However, we find that the nanoemulsion droplet size becomes unstable and increases significantly
when Darocur is incorporated (Fig. 7.2). An alternative photoinitiator is phenylbis(2,4,6-
trimethylbenzoyl) phosphine oxide (TPO), which exhibits significant absorbance in the A = 385 to
420 nm wavelength range and high molar extinction coefficients [276]. TPO is commonly used in
photocurable resins because of the overlap between its absorbance spectrum and the emission
wavelength of the near-UV light sources in 3D printing. We find that adding 0.1 g/mL of TPO in
a 2 vol% co-solvent of butyl acetate provides the best balance between solubility, nanoemulsion
stability and photocurability. The droplet sizes remain stable over a period of 2 h, which is
comparable to the total print time. The TPO mixture is added to the nanoemulsion suspension at 2

vol% to generate fresh samples prior to each 3D printing experiment.
g ples p p g exp

7.3.2 SLA printer modifications and setup

During the polymerization step in the chemical crosslinking of PEGDMA, the presence of oxygen
slows the reaction by scavenging reactive photoinitiator radicals [271]. While this is normally
undesirable, having a sufficiently thick oxygen inhibition layer below the cure zone is necessary
to avoid scaffold adhesion to the optical window [269,272,273]. We modify the resin tank of a
commercially available desktop SLA printer (Form 2, FormLabs) by replacing the PDMS layer

above the optical window with a thin, optically transparent Teflon coating to ensure a sufficient
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lubrication layer from the unpolymerized ink [269]. Teflon is effective because it has one of the
highest oxygen permeabilites in polymeric materials (1600 barrers = 1.2 x 10"* m?'Pa™! [277])
that is nearly double that of PDMS (800 barrers = 0.6 x 10™* m2s™'Pa’! [278]). The procedure to
modify the resin tank is as follows. After removal of the PDMS layer, the surface of the window
is treated with a high frequency electrode gun (BD-10AS, Electro-Technic Products). The plasma-
treated window is evenly coated with 1H,1H,2H,2H-perfluorooctyltrimethoxysilane (Matrix
Scientific) and baked in an oven (T = 80°C) for at least 8 h. The window is then cleaned with pure
ethanol, dried, and coated with a layer of 1 wt% poly(4,5-difluoro-2,2-bis-trifluoromethyl-1,3-
dioxole-co-tetrafluoroethylene) (Teflon AF 2400) in tetradecafluorohexane (FC-72). After the
Teflon coating is completely dried, the edges of the optical window are reinforced with a UV
adhesive (NOA 65, Norland Optics) to prevent nanoemulsion ink leakage into the optical chamber
of the 3D printer.

To print hierarchical materials using the thermoresponsive nanoemulsions, the 3D printer is placed
in an environmental incubator (Model 3110, Thermo Forma) set to six different temperatures (T =
22.0°C, 28.5°C, 31.5°C, 34.0°C, 38.0°C, 39.5°C). The setup is allowed to equilibrate for at least 2
hours prior to starting the printing experiment. Freshly prepared nanoemulsion inks are loaded into
the resin tank and allowed to rest quiescently for 10 min to induce thermogelation. Samples used
for confocal microscopy and scanning electron microscopy imaging are printed as slabs (20 mm x
80 mm x 1.5 mm) with 15 layers (thickness = 100 pm/layer). The total print time for each slab is

32 min.

7.3.3 Rheological characterization

Rheological measurements on the nanoemulsions are carried out using a stress-controlled
rheometer (AR-G2, TA Instruments) equipped with an aluminum 2° cone-and-plate geometry

(diameter = 60 mm, truncation gap = 58 pm). Small amplitude oscillatory measurements (strain y

=5 x 10, angular frequency ® = 20 rad/s) are used in the temperature ramp (ramp rate = 0.5°C/min)
and temperature jump studies (T = 22.0°C. 30.0°C, 35.0°C, 40.0°C, 45.0°C). The linear

viscoelastic moduli, G' and G", are monitored over the duration of the oscillatory measurements.

In order to avoid slip, ultrafine sandpaper (320 grit) is adhered to the top geometry and the bottom

Peltier plate for stress sweep experiments (y = 1 x 10* to 15, @ = 20 rad/s), repeated

154



yielding/recovery experiments (y = 10, » = 20 rad/s and At = 20 s for yield step; y =5 x 10*, @ =
20 rad/s and At = 80 s for recovery step), as well as steady shear experiments (shear stress ¢ = 0.01
to 100 Pa) that measure the change in nanoemulsion viscosity as a function of shear rate. We use
pure nanoemulsions that has been passed through a 1.5 um nylon filter in the rheological studies.
A temperature ramp oscillatory experiment on nanoemulsions containing 2 vol% of the

photoinitiator mixture is conducted to check for consistency in the gelation temperature Tgel.

7.3.4 Sacrificial templating and bead infusion studies

The nanoemulsions are removed from the printed hydrogels using a gradual solvent transfer
process. Briefly, samples are rinsed with pure ethanol, transferred into a 1:1 v/v
isopropanol/ethanol mixture for 30 min, then followed by a first soak in pure toluene for 2 h. The
toluene bath is replaced with fresh solvent and samples are allowed to sit for at least 12 h to ensure
complete removal of the PDMS, which is verified by a loss in fluorescence. To re-hydrate the
samples, a reverse solvent transfer into 1:1 v/v isopropanol/ethanol, 1:1 v/v ethanol/DI water, and
finally pure DI water is used. Samples are kept in DI water for at least 24 h to swell to their

equilibrium state.

Fluorescent carboxylated polystyrene beads (5 wt%, diameters = 50 nm, 200 nm, and 1.0 pm,
excitation/emission wavelengths = 505/515 nm) are purchased from Invitrogen and used without
further purification. We place the porous hydrogel samples in 200 pL of the bead suspension for

4 h. After rinsing with DI water, the samples are ready for confocal microscopy imaging.

7.3.5 Microscopy imaging

We use confocal laser scanning microscopy (CLSM) to visualize the internal structure of the
printed samples containing nanoemulsions and fluorescent beads after sacrificial templating.
Imaging is performed on a Nikon A1R CLSM equipped with a resonant scanner head, diode lasers
emitting at 488 and 561 nm, and a 60x oil immersion objective (NA = 1.4, working distance = 13
mm). Samples with dimensions of 5 mm x 5 mm x 1 mm are directly cut from the printed hydrogels
and placed on a #1.5 coverslip for imaging in the xy- and xz-planes. The xy-plane images used for

structural analysis have dimensions of 60.9 um x 60.9 um with a pixel size of 119 nm. A fast
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Fourier Transform (FFT) is applied to the raw images using the image processing software Image)J
(NIH). The radially averaged scattered light intensity of the FFT images, I(q), is obtained using a
radial profile plugin to Imagel.

Porous hydrogel samples (T = 22°C, 34.0°C) are also imaged with a high resolution scanning
electron microscope (HRSEM, Zeiss) at 5 kV accelerating voltage. Samples are cut into thin (~1
mm) sections, dried for at least 48 h at room temperature, and then adhered with carbon tape onto
SEM stubs. All samples are sputter coated with approximately 10 nm of a Au-Pd alloy prior to

imaging.

7.3.6 Mechanical characterization of filled and porous hydrogels

Nanoemulsion inks are photopolymerized into a traditional dogbone shape (cross sectional area,
Ao=1.00 x 107 m?, testing area length, L, = 15 mm, thickness = 2 mm) for stress-strain mechanical
testing. Briefly, 800 puL of nanoemulsions is added into a dogbone-shaped mold made out of a
transparent polycarbonate sheet. A microscope coverslip is used to cover the top of the mold. The
filled mold is placed in a vacuum oven (heated to the various temperatures used in the 3D printing)
purged with nitrogen gas in order to remove oxygen from the samples. This permits even curing
during the photopolymerization and reduces the formation of air bubbles. After an hour, the mold
is placed under a UV lamp for 5 minutes to fully photopolymerize the hydrogels. To generate
porous hydrogels for mechanical testing, we further treat the dogbones with toluene and rehydrate

using the procedure that is described in the experimental section under sacrificial templating.

Both ends of the hydrogel dogbones are attached to cardboard scaffold using UV glue (NOA 65,
Norland Optics). The cardboard pieces are clamped directly onto a set of 10N load cells on an
Instron 8840 MicroTester. The testing procedure involves the application of an uniaxial
extensional strain at a rate of 0.01 mm/s until rupture occurs. Young's modulus is obtained using
the relation, E = g,/ = (FL,)/(A,AL), where o. is the tensile stress, € is the applied strain, F is
the applied load, L, and A, are the dimensions of the hydrogel dogbone, and AL is the deformation
length measured by the Instron tester. The engineering rupture stress is obtained using the relation
Orup = Frup/Ao. Where Fryp is the measured force at which the sample fractures. A minimum of

six independently prepared samples are used to generate each data point.
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7.4 Results and discussion

7.4.1 Printing of self-assembled nanoemulsion hydrogels

The schematic in Fig. 7.1A and 7.1B shows the dynamical process used to print nanoemulsion-
filled hydrogels with macroscopic features (honeycomb and multi-tier woodpile hydrogels are
shown in Fig. 7.1D). Using temperature as a tuning parameter, we are able to print hydrogels that
have internal microstructure that range from nanometer-sized droplets to mesoscopic structures.
At T < Tge, the nanoemulsions are photo-crosslinked into a homogeneous matrix. When the
temperature is raised beyond a critical gelation point Teel, the hydrophobic end groups on the
PEGDMA molecules partition into the oil phase and serve as interdroplet bridges [21] (Fig. 7.1C),
leading to the formation of a viscoelastic colloidal gel with different microstructures (Fig. 7.1E,
F). Depending on application needs, these domains can either serve as pathways for the transport

of hydrophobic molecules or be extracted to leave behind interconnected pores.

Step 1: Step 2: B
End of print step Withdrawal

Atigs '

_ Layer-by-layer
Build platform * stereolithographic
e Y™ —— "

—_—
Step 3: Step 4:
Submersion Print step
At= 3 S At~100s D
; I \ 405 nm
Teflon coated UV diode
optical window ,/ < Jlaser
c -

Thermoresponsive nanoemulsions

/i‘ll‘.?

Figure 7.1 3D printing of self-assembled thermoresponsive nanoemulsion inks. A, B) Schematic of
commercially available stereolithographic (SLA) printer with a custom-modified Teflon window to
enhance oxygen permeability. Layer-by-layer SLA printing consists of four steps in which the desired motif
is photocrosslinked, followed by high strain-rate withdrawal and submersion steps. The process repeats at
a z-step size of 100 um. C) Nanoemulsions (yellow) stabilized by surfactants in the resin tank are heated to
induce self-assembly through interdroplet bridging of PEGDMA gelators (red are dimethacrylate groups).
D) 3D honeycomb and woodpile structured hydrogels formed by using the nanoemulsion inks. E, F) The
internal morphologies of the 3D printed scaffold that is either homogeneous at T < Ty, or interconnected
when T = Tl
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Figure 7.2 Change in PDMS droplet size as a function of time for various photoinitiator additives. Error
bars represent the polydispersity of the droplets computed from fitting the raw autocorrelation data from
dynamic light scattering with a log-normal distribution.

7.4.2 Rheological properties of the nanoemulsion inks

The viscoelasticity of the gelled nanoemulsions is an inherent material property that is directly
correlated with temperature-induced variations in the stress-supporting network. As such, the
internal length scale of the printed hydrogel scaffold can be estimated a priori by measuring the
elastic (G") and viscous moduli (G") of the nanoemulsions as a function of temperature using small

amplitude oscillatory rheology.

The temperature ramp experiments shown in Fig. 7.3 are performed at a heating rate of 0.5°C/min
to generate high resolution viscoelastic data at small temperature intervals. As temperature
increases, G' and G" increase rapidly and reach a plateau at high temperatures. The point at which
G' = G" sets the value of Tge = 29.2°C for this particular nanoemulsion system, although the gel
temperature can be easily adjusted by replacing PEGDMA with other crosslinking molecules [21].
To account for the effect of the heating rate, we perform temperature jump measurements that are
representative of print conditions. Fig. 7.3A indicates that G' and G" follow the same trend as the
temperature ramp experiments, and that Tge is found within a similar range. The rheology data
shown in Fig. 7.3A and Fig. 7.4B-D are generated using pure nanoemulsions. Addition of the
photoinitiator mixture results in a minor reduction in Tge to 27.6°C (Fig. 7.3B), although the

overall rheological behavior remains similar.
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Figure 7.3 Temperature responsiveness of the nanoemulsion inks. A) Temperature ramp experiments
captured at a heating rate of 0.5°C/min (purple) are overlaid with viscoelasticity data from the linear regime
in the stress sweep measurements (squares), fully recovered samples in the yielding/recovery measurements
(circles), and discrete temperature jump experiments (down triangles). B) Comparison of the values of Ty
for samples with (red) and without the photoinitiator mixtures (blue). Solid symbols represent G' and open
symbols represent G".

In order to characterize the rheology of the nanoemulsion inks during the printing process, we
estimate the compressive strain, v, as the relative vertical displacement of the fluid induced by the
platform movement, and the strain rate, y. using the linear velocity of the motorized stage through
the ink (Fig. 7.4A). The motorized platform moves at an average speed of 1.27 c¢cm/s in the
withdrawal and re-submersion steps (Steps 2 and 3 in Fig. 7.1A). There is a constant gap of hgap =
100 pum, set by the z-resolution of the printer, between the optical window and the bottom of the
printed model. The total height of the fluid stays relatively constant at hiotal ~ 7.5 mm. Yielding of
the gels occurs at strain units (y < 0.01) lower than the deformation imposed during the print

process by the build platform in the printer (y = 0.98).

Fig. 7.4B shows that there is a transition from the linear G'in at low y to the nonlinear regime
beyond the yield strain yy, where G' decreases by more than three orders of magnitude. We note
here that the angular frequency (®) of the oscillatory rheology is set to 20 rad/s to generate high
resolution data on the rheometer. This value of ® provides the correct values G' and G" particularly
when they become insensitive to differences in @ above the gel point of a viscoelastic suspension
[111]. We use repeated cycles of large amplitude oscillatory shear (LAOS) and small amplitude
oscillatory shear (SAOS) to investigate the structural recovery of the inks under the deformation
imposed during the printing process. In the LAOS cycle, a strain amplitude much larger than the

yield strain of the nanoemulsion is applied to simulate the withdrawal and submersion steps of
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printing. In the SAOS cycle, a small strain is used to probe the viscoelastic recovery of the ink
during the print step. The timescales and parameters of the LAOS and SAOS cycle are matched to
the printing step timescales as shown in Fig. 7.1A. Fig. 7.4C shows that the gelled nanoemulsions
recovers to its original state rapidly and reversibly once the deformation ceases. This structural
recovery is key to printing hydrogels with continuous and well-controlled internal microstructure

in all three dimensions.

Within the operation range of the moving build platform (y = 1.7 s™), the nanoemulsions undergo
shear thinning with a viscosity upper range of ~100 Pa-s (Fig. 7.4D). The yield stress, oy, and the

power law exponent, n, can be obtained from fitting the Herschel-Bulkley model o = o, + ky™

to the viscosity data, where k is a consistency parameter and the steady shear viscosity isn = a/y
[2]. A purely Newtonian liquid has constant viscosity at all shear rates (n = 1), whereas 0 <n < 1
for a shear thinning fluid. These material properties are shown in Table 7.1 for nanoemulsions at
different temperatures. In addition, we perform steady state characterization of the
thermoresponsive nanoemulsions at T = 22°C and 40°C, which encompasses the full range of
conditions tested in our study. We observe some viscosity hysteresis of the nanoemulsions at T =
22°C, but none at T = 40°C (Fig. 7.5). This gradual increase in viscosity at low temperatures could
be explained by the formation of flow-induced clusters from the Brownian relaxation of the
nanoemulsions and structural relaxation of the PEGDMA matrix with respect to viscous forces
[279]. Nevertheless, the printed microstructure is unlikely to be affected by the shear imposed by
the build platform given the long equilibration time during the print step. The yield stress of the
material does present issues if the print area is not properly refilled after the withdrawal of the
build platform. Classical Saffman-Taylor instabilities can also lead to viscous fingering that are
comparable to the length scale of the self-assembled gel network within the nanoemulsions [280].
Thus, wiper operations are necessary to spread the ink out evenly between each layer-by-layer

cycle in the printing process.
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Figure 7.4 Rheology of thermoresponsive nanoemulsions. A) Schematic of the motorized build platform
imposing a compressive strain at a known shear rate on the nanoemulsion ink. For our printing setup, y =
0.98 and y = 1.7 s’!. B) Stress sweep experiments determines the linear regime and the yield strain at T =
22°C (black), 30°C (red), 35°C (orange), 40°C (green) and 45°C (blue). Solid lines guide the eye. C)
Repeated large amplitude and small amplitude oscillatory experiments show that nanoemulsions recover
rapidly and reversibly. Dashed lines mark the boundaries between yielding and recovery steps. The time
scales and applied deformations are chosen to match the print and retraction steps in the 3D printer. Solid
symbols represent G' and open symbols represent G". D) Steady shear rheology show yield stress behavior
and shear thinning over the range of shear rates probed. Solid lines are Herschel-Bulkley fits.

Table 7.1 Rheological properties of nanoemulsion inks

T (°C) oy (Pa) n G'in (Pa)
22.0 0.06 0.75 0.17
30.0 0.08 0.41 3.24
35.0 22 025 899.4
40.0 25 0.30 2224
45.0 28 0.28 2210
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Figure 7.5 Viscosity hysteresis in thermoresponsive nanoemulsions. Steady state viscosity plotted as a
function of shear rate for four upwards (up triangles) and downwards (down triangles) stress sweep cycles
at T =22°C (red) and 40°C (blue). Dashed line represents instrument sensitivity limits.

7.4.3 Hydrogel microstructure and mechanical properties

Fig. 7.6A is a panel of representative confocal laser scanning microscopy (CLSM) images in the
xy-plane that show the range of microstructures of the hydrogels printed with the self-assembling
nanoemulsions. Visual inspection shows that the scaffold is mostly homogeneous below the gel
temperature at T = 22.0°C. Finely percolated networks form near the gel point at T = 28.5°C,
which develop into spinodal-like structures at T = 34.0°C. As the temperature is further increased
to T =39.5°C, arrested phase separation results in a decrease in the length scale of the colloid-rich
regions. We compute the scattered intensity I(q) from a fast Fourier Transform (FFT) applied to
the raw 2D images (Fig. 7.6B), where q represents the wave vector or inverse length in real space.
The characteristic gel length scale, Lc = 2@/qm, is defined by the local peak g in the I(q) plots
where possible and is plotted in Fig. 7.6C. The value of L. increases gradually to a maximum at T
= 34.0°C, followed by a decrease that is brought on by kinetic arrest at higher temperatures [233].
These results are in agreement with our earlier work on a similar system of thermoresponsive
nanoemulsions in which samples were cast into molds [143]. In addition, we verify that the
connective mesoscale structure is preserved between each printed layer. A zoomed out CLSM
image of the hydrogel scaffold in the direction perpendicular to the printing (xz-plane) is shown
in Fig. 7.6D, where a dashed line indicates the boundary of the two layers as observed in HRSEM
images in Fig. 7.8A.
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Figure 7.6 Microstructure of 3D printed hydrogels using thermoresponsive nanoemulsions. A)
Representative 2D confocal laser scanning microscopy (CLSM) images of the scaffold internal
microstructure, where fluorescent regions belong to poly(dimethyl siloxane) (PDMS) droplets. B). Intensity
I(q) as a function of the wave vector q, for samples in A) printed at T = 22.0°C (red), 28.5°C (orange),
31.5°C (green), 34.0°C (blue), 38.0°C (purple) and 39.5°C (brown). C) Characteristic length scales of the
self-assembled PDMS droplets from L. = 21/qm, where qm is obtained from peaks in I(q). Error bars in B)
and C) are standard deviations from 3 independent measurements within a sample. D) Zoomed out image
in the xz-plane of a hydrogel scaffold printed at T =34.0°C. Dashed line indicates boundary between two
printed layers. Inset: Zoomed in image of the same sample.

The interconnectivity of the gel networks formed by the self-assembled thermoresponsive
nanoemulsions allows for the transport of molecules and mesoscopic objects. We demonstrate this
capability by using the nanoemulsions as a sacrificial template that is extracted from the 3D printed
objects through solvent transfer with pure toluene. After rehydration, we immerse the samples in
aqueous solutions containing fluorescent, carboxylated polystyrene beads with diameters of 50 nm,
200 nm, and 1.0 um. Fig. 7.7 illustrates the capability of the printed porous hydrogels to serve as
size-selective membranes. Beads of all sizes are able to diffuse into hydrogels having
comparatively larger pore size (T = 34.0°C and 38.0°C) but not those with smaller pores (T =
28.5°C, 31.5°C, 39.5°C). The control scaffold sample printed at T = 22.0°C (T < Tge) does not
permit the passage of the smallest bead size (50 nm) because of the isolated pore structure within
it. A representative 3D CLSM image of a porous sample printed at T = 34.0°C and treated with

200 nm beads shows that the fluorescent beads are able to diffuse into the channels in x, y, and z-
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directions (Fig. 7.7B). The xz-image of a porous sample (T = 34.0°C) in Fig. 7.8C 1s captured from
an xyz-stack; here, the imaging height is limited to 24 pm due to significant scattering from the

remainder of the sample.
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Figure 7.7 Printed porous hydrogels as size-selective membranes. Representative CLSM images of
mesoporous hydrogel samples in which fluorescent polystyrene beads have been introduced. Beads of
diameters A) 50 nm, B) 200 nm and C) 1.0 pum are allowed to diffuse into the interconnected porous network.
Fluorescence here indicates the passage of beads into the sample. All images are captured at z = 10 um
above the bottom of the sample.

200 nm
beads

24 um

Figure 7.8 Images of printed hydrogels in three dimensions. A) HRSEM of porous hydrogel scaffold (T =
34.0°C) in the xz-plane, showing layered structure from SLA printing. Arrows indicate approximate
location of boundaries spaced 100 um apart. B, C) CLSM images of the same scaffold treated with
fluorescent polystyrene beads (2a = 200 nm) in the B) xy-plane and C) xz-plane. The images in B) and C)
are captured as an xyz-stack, where the z-dimension is limited to 24 um because of significant backscatter
from the rest of the sample.
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An additional observation is that the Young's modulus and engineering rupture stress for hydrogels
with and without nanoemulsions remain similar to within the experimental uncertainty (Fig. 7.9).
This suggests that the mechanical properties of the hydrogel can be tuned completely
independently from the internal architecture necessary for diffusion of nutrients or cell passage,
which could be important in future applications of this material towards synthetic microvasculature
and 3D cellular scaffolds.
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Figure 7.9 Mechanical properties of filled and porous hydrogel scaffolds. A) Young's modulus and B)
engineering rupture stress of the filled (solid) and porous (open) as a function of T. Error bars are standard
deviations from 6 independent samples.

7.5 Conclusion

Thermoresponsive nanoemulsions belong to a class of stimuli-responsive materials that are
compatible with 3D SLA printing to generate hierarchical materials with tunable mesoscale
porosity. The PEGDMA molecules in the nanoemulsion ink serve two important functions: 1) they
induce colloidal gelation in which the characteristic length scale can be tuned based on the
temperature, and 2) they provide photochemically crosslinked hydrogel materials on demand.
Using a commercially available 3D printer with modifications to the resin tray to enhance oxygen
permeability, we demonstrate that these nanoemulsions can serve as self-assembling precursor
inks to be rapidly photopolymerized into macroscale structures with the desired features. Correct
selection of photoinitiator is critical to maintain the stability of the nanoemulsions over the course
of the printing process and to provide photoreactive response with the near-UV (A =405 nm) light

sources that are commonly used in commercial 3D SLA printers. In addition, the rapid structural
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recovery and shear thinning rheological properties of the ink is necessary for generating
hierarchical materials with an interconnected morphology that allows the mass transport of
mesoscopic objects into the hydrogels. However, due to the yield stress behavior of these inks,

wiper operations between successive print steps are needed to spread the ink out evenly.

Future possibilities for these mesoporous materials include the crystallization of hydrophobic
molecules in nanoemulsion-carrying channels for controlled or triggered drug delivery [281],
synthetic vasculature [282], or in understanding the deformation mechanics of tissue-like models
that can be printed in multiple shapes and sizes [283]. Other applications involve retaining the
nanoemulsions in the printed structure to serve as reservoirs for hydrophobic drugs [284].
modulating the mass transfer of gases [285], or acting as sinks for metals/organics in water

treatment processes [286].
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Chapter 8

Conclusion and outlook

A central message that this thesis tries to convey can be simply summarized as a cascade of length
scales in Fig. 8.1. By understanding the molecular behavior of the constituents in the
nanoemulsions or general colloidal suspensions, the stimuli-responsive self-assembly and gelation
can be designed. By understanding the underlying mechanism of the gelation, researchers can
rationally engineer gel properties and microstructures. The resulting gelling system can then be

used for both studying fundamental aspects of colloidal gel physics and developing practical

applications.
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Figure 8.1 The ‘Central Dogma’ of this thesis.

In Chapter 2, a new thermally-responsive colloidal gelling platform is designed, and this platform
is shown to be robust over a wide range of colloidal formulations. The colloidal interaction is
modulated through the repulsive interaction, which results from the thermally-triggered surfactant
displacement mechanism. By understanding the mechanism, we applied simple models to
construct the interparticle potential and to explain trends in material behaviors. In the future, the
estimation of interparticle potential can be applied to the Doyle group’s previously-designed
thermally-gelling nanoemulsion via polymer bridging (Section 1.3.2.2). Moreover, we also show
that such platform can be applied to solid, hard-sphere nanoparticles. This suggests that one can
easily design functional or multi-stimuli responsive materials by correctly functionalizing the
nanoparticles. Overall, this platform offers a convenient way to assemble and control the properties

of a variety of different nanoparticle gels and will be useful for engineering advanced soft materials.

In Chapter 3, we present a design of dual-responsive nanoemulsion gels where the gel properties
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are responsive to changes in temperature and pH. The responsiveness comes from the weak acid
surfactants containing poly(ethylene glycol) segments (PEG) and carboxyl groups. The association
between the PEGs and the deprotonation of the carboxylic acids controls the inter-droplet attractive
and repulsive interactions. This work opens up the opportunity to design multi-stimuli responsive
nanoemulsion systems by just controlling the chemical moieties of the surfactants adsorbed on the
droplets, and shows that subtle competition between attractive and repulsive interactions can
determine the system’s properties. Future work should focus on decoupling the convoluted
interactions to better understand the system. For applications, the idea presented in this work can

be applied to cosmetic products or enhanced oil recovery where temperature and pH gradients can

be found.

In Chapter 4, we revisit Doyle’s group previously-designed thermally-gelling nanoemulsions and
reconsider the interactions that were overlooked. Not only does the PEGDA bridging play an
important role, but we also show that the electrostatic repulsion from the charged SDS and the
depletion interaction from the non-associating PEGDA significantly contribute to the overall
pairwise interactive potentials. These interactions are then used to induce the nanoemulsion
gelation by screening electrostatic repulsions. We systematically study how the addition of salts
followed by a temperature jump can influence the resulting microstructures and rheological
properties of the nanoemulsion system. We show that the pre-condition step with salts at room
temperature has a considerable influence on the subsequent nanoemulsion microstructures and the
rheological properties at elevated temperatures. For future work, the presented strategy can be used

for designing hierarchically structured hydrogels and complex colloidal-based materials.

In Chapter 5, using thermally-gelling nanoemulsions, we investigate how thermal processing
history affects the material properties of colloidal gel systems. By carefully designing the thermal
processing route via a sequential temperature jump, we show that properties of colloidal gels can
be beyond the limit set by direct quenching. Moreover, we show that the gel strength can be
increased by nearly 50% under a proper thermal history. The path-dependent properties of our
attractive colloidal systems motivate the concept that one should think beyond just varying
chemical composition as a means to control material properties and should expand to consider
processing as an equally important parameter. Future work using simulations or super-resolution

microscopy will help validate the postulated mechanisms and role of hierarchical assembly.
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Concepts from this work can be applied to other attractive colloidal systems which can improve
the understanding of such systems, and can be utilized in colloid-based material design with richer
material behaviors. Translation of model systems to products requires the development of
industrial processes. Here we demonstrate that the process itself is an important tool to be

leveraged to tune material properties.

In Chapter 6 we use multiple particle tracking (MPT) to probe the nanoemulsion gels at a
micrometer scale. We show that, by tailoring the surface chemistry of MPT probe beads, different
domains of the gel microstructures are independently probed. Plain polystyrene beads without any
surface functionalization reside in the droplet-rich domains, while the charged polystyrene beads
with functionalized carboxylate groups reside in the droplet-lean domains. The transportation
modes of particles and the gel strength at different length scale are obtained. For future work, the
calculation of spatial heterogeneity can help the understanding of the gel structure that cannot be
effectively probed by microscopy. The methodology developed in this work can be also applied to
other colloidal gel systems. Moreover, the precise control of the particle residence suggests the
design of novel nanoemulsion-based composite materials where different composite structures can

be achieved by carefully designing the surface chemistry of added colloids.

In Chapter 7 the complex structure from the self-assembled nanoemulsions is utilized for practical
applications. We show that we can synthesize hierarchical hydrogels using 3D-printing. By
properly engineering the nanoemulsions, the gel serves as ink with good shear-thinning behavior
and remarkable structural recovery. The bottom-up route via droplet self-assembly provides
various internal structures, while the top-down route during printing shapes the hydrogel geometry.
For future possibilities, these composite hydrogel materials can be used for the crystallization of
hydrophobic molecules in nanoemulsion-carrying channels for controlled or triggered drug
delivery, synthetic vasculature, or in understanding the deformation mechanics of tissue-like

models that can be printed in multiple shapes and sizes.
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Appendix A

A1 Nanoemulsion synthesis and stability
Al.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 [6]. In Chapter 2, 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.

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. Fig. A1 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 Fig. A1[6.7].
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Figure A1 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).
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A1.2 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 (Fig. 2.1B), 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 A2 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 [6], 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 Fig. A2 below.
Before each DLS measurement, the nanoemulsion is diluted by a PEGMA aqueous solution (P =
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 A2 Nanoemulsion droplet size as a function of temperature. The error bars are standard errors from
3-5 independent measurements.
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A2 Rheological characterization of the model nanoemulsion system
A2.1 Linear viscoelasticity and the plateau modulus of the canonical nanoemulsion

To determine the gelation temperature (Tge) and the plateau modulus (Gp) of the nanoemulsion
gels, we measured the linear viscoelasticity, storage modulus G’(®) and loss modulus G” (w), at
rising temperatures. The results of the canonical nanoemulsion (D = 50 nm, P =0.33 and ¢ = 0.3)
are shown in Fig. A3A (and Fig. 2.1A). 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” (») ~ @" using
the classic Chambon-Winter criterion [111,112], and a gelation temperature, Tgel, 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 Fig. A3A). Therefore, in this work we
determined the plateau modulus of all nanoemulsions with different formulations at a temperature
of Tgel + 25 °C (Fig. 2.1A and Fig. 2.4 to 2.6), and the Tge of each sample was determined using
the Chambon-Winter criterion [111,112].

A2.2 Reversibility and recovery of the nanoemulsion gel

Rheological characterization combining small-amplitude oscillatory shear (SAOS, 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 (Fig. A3B). 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, ¢ > oy (where
oy is the yield stress determined in Fig. A3C), was applied to the nanoemulsion for 60 seconds,

and the SAOS was then performed to measure the linear viscoelasticity.
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The reversibility test (20-55-20 °C route) supports the existence of an energetic barrier in the
estimated interactive potential (Fig. 2.2C). When the temperature is decrease from 55 to 20 °C, the
system 1is still trapped in the energy minimum, and the nanoemulsion still shows significant
elasticity over the experimental window (Fig. A3B). 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
[105] when the system is directly quenched to a state far from equilibrium [206]. It has been found

that applying a large shear can facilitate such structural relaxation [105].
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Figure A3 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.

A2.3 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, k (Fig. 2.2C and Fig. 2.3). 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

Fig. A4. As expected, the Tgel increases and Gp decreases as the less SDS is added.
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Figure A4 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].

A3 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 A3.1) and investigated how PEGMA replaces SDS (Section A3.2

to A3.4) at rising temperatures.

A3.1 Zeta potential, &, of the nanoemulsion droplets

Fig. A5 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
A3.4). On the other hand, £ remains unchanged when no PEGMA is added to the system (blue).
The observation in Fig. A5 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 AS 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.

A3.2 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 Section 2.3, 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.

Fig. A6 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 (Fig. 2.2A) and rheological data
that the gelation and the surfactant displacement take place at elevated temperatures. The data

shown in Fig. A6 were then analyzed to obtain the detailed adsorption information in Section A3.3.
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Figure A6 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.

A3.3 ITC Data analysis

To further obtain the quantitative information of PEGMA adsorption behavior, the background-
corrected data (Fig. A7) 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
[287], macromolecule-ligand interactions [288], adsorption of small molecules onto nanoparticles

[289] and even adsorption of proteins onto nanoparticles [109,290].

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 [109,288]. First, the

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

__[NEs- P]

NEs+ P = NEs-P KA—W

(AD)

where NEs is the binding site on the nanoemulsion droplet and P is PEGMA.

The degree of saturation, f;, is then defined as
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i [NEs - P] ¥ KR
Ji= [NEs] + [NEs-P] 1+ K,[P]

(A2)
Since all binding sites are assumed to be equal and independent, following relations can be
established,
[P] = [P], — N[NE - P] (A3)
[NE] = [NE], — [NE - P] = [NE],(1 - f,) (A4)

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. (A2) to (A4), f4 can be expressed as follows,

1+ [P, + L 2
;= NINEL, NK,NE], 1 () L APl (A5)
. 2 2 N[NE], NK4[NE], N[NE],
The heat measured from the ITC experiment, Q, is then calculated as,
Q = AHV euN[NE], f4 (A6)

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 2

1 [P], {28 3 Sl apll
I (1+N[NE]O+NKA[NE]O) " N[NE],

Eq. (A7) is the adsorption isotherm associated with the heat and can be used in data analysis.

(A7)

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,
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AQ=0(D)=Q(r=1)+

Vinj (Q(i) SEOG= 1)) (A8)

v, 2
where V;y; is the injection volume each time and Vj, is the initial cell volume.

Fig. A7 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 Eq. (A7) and (AS8).
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Figure A7 Example of ITC data analysis at T = 45.0 °C. Closed symbols: background-corrected data. Solid
line: model fitting using Eq. (A7) and (AS).

Fig. A8 concludes the results from ITC measurements at elevated temperatures. Fig. A8A shows
that the number of PEGMA adsorbed per droplet increases at the elevated temperatures. Along
with the zeta potential shown in Fig. A5 where the magnitude decreases with T, the results are the
direct evidence of the thermally-triggered surfactant displacement mechanism. Moreover, the
resulting values in Fig. A8A 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 A3 .4.

Fig. A8B 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 [109,291]. Such increase in

the entropy results from the increase in the translational entropy of the water molecules during the
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dehydration of the PEGMA hydrophobic groups [109,291]. 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 Fig. A9, 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.
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Figure A8 ITC results as a function of temperature. (a) 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 A9 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.

A3.4 Estimation of droplet surface electrostatic potential

The PEGMA adsorption shown in Fig. A8A allows us to calculate the surface potential, ¥,, of
nanoemulsion droplets and compare the resulting 1), with measured zeta potentials in Fig. AS. To

estimate 1,, Grahame equation was used [22]

2T g
Y, =—sin 1(——) (A9)

ze V8kTng .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), n, is the bulk

concentration of ions, &, is the permittivity of free space and ¢, is the relative permittivity of water

[115] since the ITC and zeta potential measurements were performed under a diluted condition.

The Grahame equation has been used to estimate the surface potential of colloids [292] by

considering the surface charge density, o, estimated as

g = (nSDS = ;janEGMA)e (A]O)
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where ngps 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 [182]), Npggma is the number of PEGMA
adsorbed onto droplet from ITC measurements, 4 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. (A9), (A10) and the values listed in Fig. A8A, the resulting estimated surface
potentials at elevated temperatures are shown in Fig. A10B. Fig. A10A lists the temperature-
dependent zeta potentials from Fig. A5 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 [293-295], i.e. the magnitude of 1, should
also decrease with temperature. Interestingly, as shown in Fig. A10B, |,| increases with
temperature for x = 1 and 2. Such counter-intuitive observation is possible since ¢, (Table 2.1) is
temperature-dependent [115]. The trend of ), 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. (A9) and (A10), 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 Fig. 2.2A, 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 [296-298], the desorption heat of
SDS is = 15-20 kJ/mole (endothermic process). Along with the ITC results listed in Fig. A8B

where AH is = 100 kJ/mole, a reasonable range of x is 3 to 5 here.
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Figure A10 Comparison of the masured zeta potential, &, and the estimated surface potential, ,, of the

nanoemulsion droplets. (a) Measured & from Fig. A5. (b) Estimated 1, using Eq. (A9), (A10) and the values
listed in Fig. A8A. The solid lines are drawn to guide the eye.
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Appendix B

Length scale analysis

Although the packing and the exact conformation of the surfactants on the droplets are not known,
we have estimated the length scales of PEGs in the nanoemulsion system. For clarification, free
PEG in the continuous phase (My = 400 g/mol) is denoted as PEG400, and the PEG on the weak-
acid surfactant (Mw = 400-440 g/mol) is denoted as PEGy. For both PEG400 and PEGy, the radius
of gyration 1s = 0.68 nm [132], and the contour length of the extended chain is 5.3 nm (assuming
both PEGs behave like an ideal polymer) [95]. The length scale of the repulsion can be obtained
by estimating the Debye length, k™1,

e €orkT
K =
100082NA ZzizMi

where g, is the electric permeability of free space, €, is the dielectric constant of the continuous
phase (here €. of water is used for estimation), k is Boltzmann constant, T is the absolute

tempeature, e is the elementary charge, N, is Avogadro's number z is the charge number and M is

1

the molar concentration. For the system, k™~ is = 7 nm.

200 [|-e-0 wt%
~8-1.88 wt%
®-3.75 wt%
L |-®—5.63 wt%
150 H-®-7.50 wt%
[ |-®-9.38 wit%

t (hr)

Figure Bl Nanoemulsion (pH = 2.5 at room temperature) stability as a function of concentration of co-
surfactant PEG400. The data shows that a sufficient amount of PEG400 is needed to stabilize the
nanoemulsion droplets.
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Figure B2 Size of nanoemulsion droplets as a function of temperature (pH = 2.5). For each temperature, the
nanoemulsion (¢ = 12.5 wt%) was heated to the target temperature for 30 min in the oven and diluted to ¢
= 0.5 wt% for the DLS measurements.
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Figure B3 Linear viscoelastic moduli (closed: G, open: G™) as a function of temperature at an angular
frequency ® = 25 rad/s from Fig. 3.1. The error bars are standard errors from 3 independent frequency-
sweep measurements.
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Figure B4 Nanoemulsion droplet size as a function of pH over a course of several days at room temperature.
The nanoemulsion at pH = 7 phase separate after 48 hours. The pH was adjusted using NaOH.
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Appendix C
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Figure C1 Flow curve of the nanoemulsion with [NaCl] = 0.07 M at T = 20.0 °C.
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Figure C2 Linear viscoelastic moduli (G’: closed symbols, G”: open symbols) of the nanoemulsion with
[NaCl] = 0.07 M at T = 20.0 °C as a function of time. The measurement starts right after the pre-shear step
(rejuvenation). Angular frequency @ = 10 rad s and shear strain y = 0.05%.
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Figure C3 Linear viscoelastic moduli (G’: closed symbols, G”: open symbols) of the nanoemulsion with
[NaCl] = 0 M as a function of time at T =32.5 °C (red) and 50.0 °C (black). The measurement starts right
after the sample reaches the target temperature. Angular frequency ® = 10 rad s™' and shear strain y = 0.05%.
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Appendix D

D (nm)
3

0 5 1b 15

Number of passes
Figure D1 Oil droplet diameter (D) evolution with increasing number of pass (N) through the
homogenization. Inset photos show the appearance of the emulsion with N = 1 (opaque) and N = 15
(transparent).
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Figure D2 (a) Rheological response of the nanoemulsion with one-step temperature jump. The plot shows
the measurements with initial temperature increasing from T = 20.0 °C to the target temperature. Closed
symbols denote G* and open symbols denote G”. (b) Complete temperature history during the rheology
measurement. (¢) Confocal image of the nanoemulsion at T = 30.0 °C. The image shows the microstructure
is composed of freely-suspended clusters and the rheology at T = 30.0 °C shows liquid-like behavior
without increase in viscoelasticity in (a). Therefore, we believe that the freely-suspended clusters at T =
32.5 °C (quantified as Lc in Chapter 5) are not stress-bearing structures.
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Figure D3 Frequency-sweep linear viscoelastic moduli of the nanoemulsion at various temperatures. The
measurements start after T reaches the target temperature for 10 minutes. Closed symbols denote G’ and
open symbols denote G™.
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Figure D4 Time-dependent viscoelastic moduli (G* and G”) of the nanoemulsion at T = 32.5 °C. Both G’
and G” become nearly constant after t = 45 min, suggesting a pseudo-steady state is achieved. The inset
confocal image shows the microstructure captured at t = 50 min, where no discernible freely-suspended
clusters are observed, suggesting the inclusion of every cluster in the network.
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Figure D5 An example to show the procedure to determine Lc using the software ImagelJ. Scale bar = Sum.
Dashed red lines are local fits to the data. The inflection point is then determined by the intersection of the
fitted lines.
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Figure D6 (a) Intensity profile of the region where only freely suspended clusters are present. (b) Intensity
profile inside the droplet-rich phase for L¢3 validation. Profiles are taken from the nanoemulsion held at T
=32.5 °C for 20 minutes.
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Figure D7 Large amplitude oscillatory shear rheology of viscoelastic moduli (G* and G”) versus oscillatory
shear stress (o) of the nanoemulsion at T = 32.5 °C and 50.0 °C. At T = 50.0 °C, the measurement shows a
typical two-step yielding with a maximum in G”, suggesting the gel network is of a hierarchical nature
(primary: droplet-rich strands and secondary: ‘building blocks’ clusters, as shown in Fig. 5.2E. At T=32.5
°C, the nanoemulsion only shows a weak two-stage yielding in G”, while a simple yielding is present in G”,
which may be because this temperature is at the critical gel point where the stress-bearing network is just
established.
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Figure D8 Scattered intensity as a function of the wave vector, q, at T = 32.5 °C at various times. For q
smaller than = 2um™', which corresponds to primary length scale (Lc,1), the intensity increases with time.
This is consistent with more droplet-rich strands formed with time, as shown in Fig. 5.1D. For 3 pm <q
<5 um’', which corresponds to secondary correlation length (Lc>), the intensity decreases with time. This
is consistent with fewer freely suspended clusters present with time, as shown in Fig. 5.1D.
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Figure D9 Complete temperature history of thermally processed samples during the rheology measurement.
The shape indicates the different thermal processing route. Circle: 32.5 to 40.0 °C. Star: 32.5 to 50.0 °C.
Triangle: 40.0 to 50.0 °C. The color indicates the different holding time. Purple: Thoig = 2 min. Brown: thola

= 5 min. Red: Thog = 10 min.

192



10° v - - -
10%}
©
& 1
) 10 k ‘—* 5 )
© g ;
. k_-?h
. Lyrbmn
: ‘“-IOﬂ
1000 1200

~
&
1
i) 10 .
ED .
. L "2mn
T
. 1=325%650.0°C D i
1 i. A i i £
L 0 200 400 600 800 1000 1200
time (s)
10° . - : :
f' ?II s m?
102 & 2 a -
B PA R S e e
@ A SRS R
[y % gh 6 @ °
i 10'}
2
10° + \,*2mn
v s
T=40.0 tO 50.0 °C - Y 10mn
10" - - A k :

0 200 400 600 800 1000 1200
time (s)

Figure D10 Temporal viscoelastic moduli, G (closed symbols) and G” (open symbols), of the
nanoemulsion undergoing two-step temperature jump.
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Figure D11 Rheological response of thermal processing sample (T = 40.0 to 50.0 °C, tyig = 2 min) is
reproducible. Freshly loaded nanoemulsion was used for each measurement.
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Appendix E

Table El Static errors of beads and the vendor-reported bead sizes.

Bt type Product name Actual diameter* Static error
(um) (um) (pm?)
Carboxylate 1 1 2.5%1073
1S5 1.646 22310
2 2.08 1.8x107
Plain 1 1.036 2.5%107
2 2.16 1.8%107

* Provided by the vendor.

Table E2 Comparison of Lc for the pure nanoemulsion and the nanoemulsion mixed with carboxylate and
plain beads at T = 35, 40 and 45 °C. Error bars = 1 standard deviation from 5-8 images.

Correlation length of droplet-rich domains, L (um)

(01(;) Pure With With
nanoemulsion carboxylate beads plain beads
35 11.0+4.16 F1.3:£3.94 11.3+3.94
40 1.13+£0.10 1.10+0.05 Iell:t0.05
45 0.78 £ 0.08 0.81+0.04 0.80+0.05
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Schematic of the chamber for particle tracking experiments

Fig. E1 shows the detailed dimensions of the custom-built chamber used in particle tracking. The
temperature difference is < 0.2 °C across the chamber (blue region) when mounting on the heating
stage which controls the temperature of the sample.

Ape:turg for imaging
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l~0.2mm = [
[
f : :
L 17mm i
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Figure E1 Schematic of the chamber for particle tracking. The slides are stuck by the UV-curing glue. After
the sample is loaded, both ends are sealed by epoxy glue. Dimensions are indicated.

Viscoelastic moduli of the nanoemulsion after the temperature is jump to 30 °C

Fig. E2 shows the G* and G” of the nanoemulsion after the temperature is jumped to 30 °C at the
beginning of the measurement (t = 0). The moduli do not change over a wide period of time for at
least 20 minutes.
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Figure E2 Viscoelastic moduli of the nanoemulsion after T is jumped to 30 °C at t = 0. The moduli do not
change for at least 20 min. The rheometer parameters: y = 0.05%, o = 20 rad/s.
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Measuring Lc, Lrich and Lpoor using ImageJ software

Fig. E3 shows an example of how Lc is determined from confocal images. First, the fast Fourier
transform (FFT) is applied to the image to obtain the scattered light intensity profile in g-space.
Then, the radially averaged light intensity I(q) of the processed image is calculated, where q is the
wave vector. Finally, we computed the correlation length as Lc = 2/qmax, where gmax is the wave

vector of the maximum averaged light intensity.

Fig. E4 shows an example of how Liich is calculated from a 2D confocal image using the image
processing software Imagel. First, the image is processed with a built-in function “Threshold” that
allows the objects of interest (here, the droplet-rich domains) to be distinguished from the
background. Second, this processed image is analyzed by the built-in function “Analyze particles™
that outlines detected objects. We then use Image] to calculate the Feret diameter. The Feret
diameter is defined as the distance between any two parallel lines that are tangential to the outline
of a 2D object, as shown in Fig. E4. We use the minimum Feret diameter, the smallest distance
between two tangential lines, for defining Lich. Finally, we set the averaged minimum Feret
diameter of the detected objects to be Lrich. We chose to use the minimum Feret diameter to define
Lrich since the gelled structure resembles percolated strands of clustered droplets and this measure

would most closely correlate to the strand width.

A similar procedure is performed for Lyoor. However, the white/black values of raw 2D images
were first inverted before thresholding. This step allows the droplet-poor domains (i.e. the dark
regions in the original images) to be the objects of interest. After this step, the same procedure as
described above is applied to obtain Lyoor. However, at T = 30.0 to 35.0 °C, due to the lack of
isolated droplet-poor domains, Lpoor Was computed by measuring the separation distance between
two near droplet-rich domains (Fig. ES for an example). At least 50 measurements of distance

were obtained at each temperature.

An additional step is performed for computing Lrch at T = 32.5 and 35.0 °C. At these two
temperatures, the histogram of sizes of droplet-rich domains has a bimodal distribution with a local
minimum in the probability distribution at 2 um, distinguishing the two populations. This bimodal
distribution can qualitatively be seen in Fig. 6.2 in Chapter 6. Therefore, for these two temperatures

we calculate and report two averaged minimum Feret diameters.
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Figure E3 Procedure to determine L using the software Imagel. Scale bar = Sum.
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Figure E4 Procedure to determine Lich using the software ImageJ. Scale bar = 5pm.

Figure E5 Determine Lyoor by measuring the separation distance between two nearby droplet-rich domains.

Nanoemulsion mixed with probes at higher bead concentration

In the main text, the bead volume fraction was kept = 0.02 % to minimize influence of beads on
the nanoemulsion. Here, we increase the bead volume fraction to 0.08 % to have a larger ensemble

to show the selectivity of beads residing in the droplet-rich and droplet-poor phases is controllable.
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The results are shown in Fig. E6. The carboxylate beads are still in the droplet-poor phase and the

plain beads are in the droplet-rich phase.

1=37°C T =40°C

Carboxylate beads

Plain beads

Figure E6 Representative confocal images of the nanoemulsion mixed with particle tracking beads at higher
bead volume fractions (0.08%). Carboxylate beads still reside in the droplet-poor phase and plain beads
still reside in the droplet-rich phase. Diameter of droplets = 55 nm. Scale bars = 5 pm.

Addition of beads has negligible influence on the nanoemulsion bulk rheology

As shown in Fig. 6.3, the nanoemulsion microstructures are not influenced by the addition of beads.
To further verify the argument, we measured the temperature-ramp viscoelasticity. The results are
shown in Fig. E7. Comparing to the pure nanoemulsion, the addition of beads has negligible effect

on the nanoemulsion rheology, no matter the surface chemistry and size of the beads.
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Figure E7 Temperature-ramp viscoelastic moduli of the pure nanoemulsion and the nanoemulsion mixed
with beads of different sizes and different surface chemistries. Rheometer parameters: y = 0.05%, ® = 20
rad/s and AT =2 °C/s. The beads are (A) carboxylate beads and (B) plain beads. The bead concentration is
the same as in the MPT experiment (= 0.02 % v/v). The data shows that the addition of beads has negligible
effect on the nanoemulsion rheology.

Plain beads do not induce droplet aggregation

Plain beads associating with colloid-rich phase introduces an interesting question whether plain
beads serve as nucleation sites for droplet aggregation. To investigate this, we design an
experiment that we mixed the plain beads with the nanoemulsion at lower oil volume fraction (=
0.05). At this oil loading, the nanoemulsion shows various microstructures at high temperatures.
The result is shown in Fig. E8. As can be seen, the nanoemulsion shows various droplet
aggregations and plain beads can reside in each of them. The droplet-rich region associating with

plain beads do not show a regular pattern.
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Figure E8 Confocal microscopy images of the nanoemulsion at ¢ = 0.05 mixed with plain beads with
diameter = 1 pm at 40 °C. Plain beads can reside in various droplet-rich regions, which supports the
statement that plain beads do not induce the droplet aggregation. Scale bar = 5 um.

Viscosity of continuous phase as a function of temperature

Viscosity (cp)
O = N W A L OV 1 0

30 335 40 45 50
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Figure E9 Viscosity of the aqueous continuous phase (P = 0.33, [SDS] = 0.175M) as a function of
temperature. The viscosity decreases as T increases.
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Plot of MSD versus dimensionless lag time for carboxylate beads

To examine the role of the continuous phase viscosity on the MSDs of carboxylate beads, we
normalized the lag times by D/a? where D is the bead diffusion coefficient in the continuous phase.
We used the Stokes-Einstein relation to obtain D, and viscosities of the continuous phase from Fig.
E9. For 1 um and 1.5 um beads, the MSDs are collapsed at T = 30.0 to 37.5 °C, which supports
the claim that the initial increase in MSDs in Fig. 6.7 is due to the viscosity decrease of the
continuous phase. This collapse does not hold when the confinement from the droplet-rich phase
becomes significant when the temperature is increased, and when the size of beads is close to the

size of droplet-poor phase.
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Figure E10 MSD versus dimensionless lag time of carboxylate beads for different sizes at rising
temperatures.

Viscosity of the nanoemulsion at T =30 °C by bulk rheometry and MPT

We calculated the viscosity of the nanoemulsion at T = 30 °C from particle tracking of all beads
and compared the values with the bulk rheometer measurements, as shown in Table E3 below.
Carboxylate beads measure a viscosity close to the value from the bulk rheometer, which supports
our argument that théy do not associate with the droplet-rich domain. On the other hand, a more
viscous fluid is measured by the 1 um plain beads, and an even higher viscosity is obtained with
the 2 pm plain beads. We calculated the effective plain bead size by using the viscosities in Table
E3 and the Stokes-Einstein relation:

e
~ 6mna’
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where kg is Boltzmann constant, T is the absolute temperature, 1 is the viscosity and a is the radius
of the beads. From the diffusion coefficient obtained in MPT, one can either calculate the viscosity
assuming a known probe size (Table E3), or calculate the effective probe size assuming a known
viscosity. To calculate the effective probe size, we used the viscosity measured by bulk rheometry

(127 ep):

The effective diameter is 1.13 um for 1 um plain beads (actual vendor-reported diameter = 1.036
pm, Table E1), and 2.87 pm for 2 pm plain beads (actual vendor-reported diameter = 2.16 pm,
Table E1). There are two factors that can contribute to the increased effective size. First, the
clusters associate with the plain beads due to the PEGDA bridging as discussed in Chapter 6, and
the larger beads have more association due to a larger surface area. Second, droplets can form
layers on beads or beads reside in the larger clusters in the nanoemulsions at T = 30 °C. Nonetheless,
the data shown here again suggests the plain beads associate with the droplet-rich domains in the

nanoemulsion.

Table E3 Viscosity of the nanoemulsion at T = 30 °C as measured by bulk rheometry and MPT.

Rheometer 1 um carb. 1.5 pm carb. 2 um carb. 1 pm plain 2 um plain

12.7 cp 129 cp 13.1 cp 12.6 cp 139 ¢cp 16.8 cp
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Viscoelasticity of the nanoemulsions by MPT
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Figure E11 Viscoelastic moduli calculated from MSDs in Fig. 6.7 (carboxylate beads) by using the

generalized Stokes-Einstein relation. The diameters of probes are (A) 1 um, (B) 1.5 pm and (C) 2 pm. Filled

symbols: G” and open symbols: G”.
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Figure E12 Viscoelastic moduli calculated from MSDs in Fig. 6.9 (plain beads) by using the generalized
Stokes-Einstein relation. The diameters of probes are (A) 1 pm and (B) 2 pm. Filled symbols: G” and open
symbols: G”.
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