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ARTICLE INFO ABSTRACT

Keywords: Perfluorocarbon (PFC) nanoemulsions have great potential in biomedical applications due to their unique
Oxygen chemical stability, biocompatibility, and possibilities for enhanced oxygen supply. The addition of amphiphilic
Blood substitute block copolymers promotes the formation and long-term stability of emulsion-based gels. In this work, we report
g::ﬂuorocarbon the systematic study of the impact of adding amphiphilic triblock copolymers to water-in-perfluorocarbon
Emulsion nanoemulsions on their structure and viscoelasticity, utilizing small-angle neutron and X-ray scattering (SANS
Rheology and SAXS) and rheology. We find that an intermediate concentration of copolymer yields the highest strength of

attraction between droplets, corresponding to a maximum in the elasticity and storage modulus. The stability and
viscoelastic moduli can be tuned via the amount of copolymer and surfactant along with the volume fraction of
aqueous phase. SANS provides the detail on nanostructure and can be fit to a spherical core-shell form factor with
a square-well hard sphere structure factor. The PFC nanoemulsion system displays thermoresponsive and ther-

moreversible properties in temperature sweeps.

1. Introduction

Soft materials such as emulsions, polymer micelles and liposomes,
have been extensively applied in a variety of practical applications
including drug delivery [1,2], material synthesis [3,4], and separation
[5] due to their superior ability to transport and transfer loadings.
However, application of emulsions in biomedical fields has not been
fully realized, due to the limited stability of emulsion droplets [6,7] and
the potential leakage of cargo from the core of emulsion [8,9]. Per-
fluorocarbon (PFC) materials have great potential for biomedical ap-
plications due to the outstanding chemical stability and biological
inertness arising from the replacement of hydrogen atoms by fluorine
[10]. These strong covalent C-F bonds yield relatively low van der Waals
forces between fluorocarbon chains and low cohesive energy in liquid
state, leading to valuable properties including high fluidity, high gas
solubility, high vapor pressure and low surface tension [11,12]. Per-
fluorooctyl bromide (PFOB) is one of several well-explored PFC mate-
rials that is approved for medical use by FDA and is used as a contrast
material for CT, MRI and ultrasound imaging, especially for hep-
atosplenography and tumor-imaging [13-15]. In addition,
perfluorocarbon-based materials have great potential in the application
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of enhancing oxygen transport, where they have been demonstrated to
show 20-fold higher capacity to dissolve oxygen than aqueous solutions.
In our previous work, PFOB-containing alginate gels exhibited the pro-
motion of oxygen availability and oxygen uptake rates, which led to the
enhancement in metabolic activity and functionality of HepG2 cells,
while common aqueous hydrogels could hardly achieve this without the
addition of PFCs or other oxygen-carrying species [16,17]. Due to the
mentioned outstanding properties, the related PFC-in-water and
water-in-PFC emulsions have already been explored in many biomedical
fields such as liquid-assisted ventilation [18,19], blood substitutes [17,
20] and microfluidic devices [21]. The reverse of a traditional
oil-in-water emulsion system, a water-in-PFC emulsion is composed of
liquid PFC as the continuous oil phase with water droplets and fully or
partially fluorinated surfactant to stabilize the emulsions [22,23]. By
gelling such a PFC-based emulsion system, a stable and robust emulsion
gel material with good biocompatibility could be achieved for more
potential uses in biomedical applications. The structure and rheology of
PFC-based systems can significantly impact the use in potential appli-
cations. For example, in PFC emulsions, the size of PFC droplets in-
fluences the oxygen transport process [24,25], and for cell encapsulation
applications, it is important that the system behaves as a mechanically
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robust gel [26]. However, it is difficult to form stable elastic gels of PFOB
that can be used in clinical settings. Adding specific polymer amphi-
philes into perfluorocarbons could effectively assist to form a long-term
stable emulsion gel. Previous research has demonstrated the benefits
and enhancement provided by the addition of amphiphilic block co-
polymers [8,21,27]. However, to the best of our knowledge, the sys-
tematic structural and rheological studies of water-in-PFC
nanoemulsions with various concentrations of amphiphilic copolymers
have not been conducted.

In the present work, we investigated the effects of adding the triblock
copolymers Pluronic® F127 (F127) into PFOB-based water-in-PFC
nanoemulsion solutions on the related phase behaviors and rheological
properties, which resulted in long-term stable nanoemulsion gels with
tunable elasticity. F127 is an amphiphilic poly(ethylene oxide)-poly
(propylene oxide)-poly(ethylene oxide) (PEO-PPO-PEO) triblock
copolymer, widely used in pharmaceutical formulations. We expect that
the hydrophilic (PEO) endblocks of copolymers will enter the water
phase and assist in forming stable cores of the nanoemulsion droplets,
while the relatively hydrophobic poly(propylene oxide) (PPO) chains
will reside in the continuous fluorocarbon phase and may form loops on
the droplet surface or bridges between droplets. The stability and
microstructure of prepared series of emulsion gels with various com-
positions have been characterized by confocal microscopy, small-angle
X-ray scattering (SAXS) and small-angle neutron scattering (SANS) for
detailed examinations. Related rheological experiments have been per-
formed to investigate the relationship between the structure and rheo-
logical properties. The temperature-dependent and thermoreversible
behaviors was verified by investigating viscoelastic moduli. The scale of
rheological properties could be tuned by adjusting the surfactant con-
centration and volume fraction of the aqueous phase. The biocompati-
bility of PFC materials and tunable mechanical properties of the
obtained nanoemulsion gels make them a promising system for
biomedical applications.

2. Materials and methods
2.1. Materials

Perfluorooctyl bromide (CF3(CF2)¢CFoBr, abbreviated as PFOB),
Pluronic® F127 (PEOqg1-PPOse-PEO1g;, abbreviated as F127), and
Zonyl® FSO-100 (F(CF2)75(CH,CH,0)gH, abbreviated as FSO) were
obtained from Sigma Aldrich. Deuterium oxide (D20, 99.8 atom% D)
and fluorescein isothiocyanate (FITC) were obtained from Acros Or-
ganics. Nanopure water was used in all sample preparation, except SANS
samples which were prepared with D20.

2.2. Sample preparation

Previously published phase diagrams of water, FSO, and per-
fluorocarbons suggest that a stable water-in-oil emulsion may be formed
at room temperature with 1:1 ratios of water to PFC, and at FSO con-
centrations in the range of 10—22 wt% [28]. Unless otherwise noted, for
all samples described herein, the concentration of FSO was kept constant
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at 15 wt%, with varying amounts of PFOB, water, and F127. Aqueous
solutions of F127 were prepared by first dissolving prescribed amounts
of F127 in water at concentrations from 0.5 to 12 wt%. The obtained
dispersions were stirred for one day to ensure complete dissolution, and
then equilibrated for one day to remove possible air bubbles. The F127
solutions were then mixed with PFOB and FSO, stirred for 5 h at room
temperature, and then held still for another 5 h for equilibration. It was
found that F127 did not dissolve directly in PFOB phase. This suggests
that in our final samples, all F127 triblock copolymers are associated
with nanoemulsion droplets in water phase rather than self-assembling
into F127 micelles in the continuous PFOB phase.

We refer to samples using the following nomenclature: ¢ = 0.58, 4 wt
% F127. The volume fraction of droplets, ¢, which assumes ideal mixing,
is calculated as the volume of the aqueous phase plus the volume of FSO
over the total volume. This is consistent with how ¢ is defined in other
work on nanoemulsions with added block copolymers. The existence of
water-in-oil nanoemulsion structure was verified by SANS, as described
below. The stated concentration of triblock copolymer F127 (4 wt%) is
the concentration of F127 relative to the aqueous phase instead of the
overall concentration in the sample.

2.3. Rheology

A TA AR2000 stress-controlled rheometer was used to investigate the
storage modulus, loss modulus, and viscosity. The linear viscoelastic
region was determined by a stress sweep, and then the storage modulus
G’ and loss modulus G” are obtained by performing a frequency sweep.
Viscosity was obtained by steady flow experiments at low shear rate.
Temperature sweeps were used to investigate the thermal properties of
the rheology from 10 °C to 35 °C.

2.4. Small-angle X-ray scattering (SAXS)

Samples were transferred into 0.1 mm thickness quartz capillary
tubes and sealed using epoxy, then placed in a SAXS vacuum channel for
testing. The SAXS experiments were conducted on a Molecular
Metrology SAXS instrument at the W.M. Keck Nanostructures Labora-
tory at the University of Massachusetts Amherst. The instrument gen-
erates X-rays with a wavelength of 2 = 1.54 A and utilizes a 2-D
multiwire detector with a sample-to-detector distance of 1.5 m. For
transparent samples, SAXS data were collected for 50 min. For opaque
samples, it took 4 h to obtain enough scattering contrast. The intensity
was reduced and normalized by the Polar® software.

2.5. Confocal microscopy

A Leica DM-IRBE confocal optical microscopy was used to investi-
gate sample homogeneity and possible phase separation at the micro-
scale. Samples were prepared as above, with the hydrophilic dye FITC
added to the aqueous phase at a concentration of 20 ppm prior to sample
mixing.

Fig. 1. Schematic diagram of the system of PFOB/water/FSO with F127 triblock copolymers. The copolymers form loops and bridges on nanoemulsion droplets with

PFOB as continuous phase and water as droplet core. Not drawn to scale.
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Fig. 2. Representative confocal micrographs of samples of ¢ = 0.25-0.58, 4 wt% F127, T = 25 °C. Samples at lower ¢ show evidence of phase separation.

2.6. Small-angle neutron scattering (SANS)

Scattering experiments were conducted at the NG-3 beamline with a
wavelength of 6 A at the National Center for Neutron Research (NCNR),
National Institute for Standards and Technology (NIST) (Gaithersburg,
MD). Samples for SANS were prepared as above, except that HoO was
replaced by D0. Samples were loaded into 1-mm thick quartz cells.
Some samples were centrifuged to remove air bubbles before loading the
cells to the slots of SANS facility. The distances from samples to the
detector were 4 m and 13.18 m for high q and low g regime, and the
spectra were collected for 5 min and 3 min, respectively. The combined q
range is from 0.001 A~! to 0.2 A~L. Spectra were obtained at 25 °C for
investigation of composition effects and from 10 °C to 32 °C for explo-
ration of temperature effects. There are 5 min of equilibrium for each
temperature. Data reduction and normalization were performed using
standard techniques and all SANS data reported in this work are on an
absolute scale.

3. Results and discussion
3.1. Formation and stability of nanoemulsions

Based on previously published phase diagrams, the PFOB/water/
FSO system shows a formation of water-in-oil nanoemulsion only for T >
40 °C [28]. It is expected that the addition of amphiphilic copolymers
could promote the formation of self-assembled emulsions gel system
(Fig. 1). Considering the potential for these systems to be used in
biomedical applications, it is desirable to have stable systems at tem-
peratures ranging from ambient temperature to physiological conditions
(i.e., 25— 35 °C). Thus, it is necessary to firstly verify the temperature
and concentration space over which stable solutions were formed with
designed compositions of our systems.

Samples with 15 wt% FSO, volume fraction ¢ = 0.58, and various
concentrations of F127 from 0 to 12 wt% were prepared and evaluated.
It was observed that all samples with varied concentrations of copol-
ymer formed stable and transparent systems at ambient temperature.
The translucent and unchanged outlooks of these samples suggested the
existence of nanoemulsions inside samples, which was also verified with
SANS in the following part. As shown in Fig. S1, samples containing 0-1
wt% F127 appeared to be in liquid state as emulsions while samples
became elastic gels above 2 wt% concentrations of triblock copolymer.
Detailed investigations were performed in the subsequent rheological
experiments. The gelling of samples with higher F127 concentration
could be explained by the enhanced association brought by the fluori-
nated surfactant and the added amphiphilic copolymer, which resulted
in the formation of associative gels.

Confocal microscopy was also applied to confirm if any phase sep-
aration exists in these samples on the microscale. Fig. 2 shows micro-
graphs of samples at 4 wt% F127 with varying volume fractions dyed by
hydrophilic FITC. No phase separation was observed for samples at ¢ =
0.58, indicating the nanoemulsion system with such ¢ reached phase
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Fig. 3. SANS spectra for samples with ¢ = 0.58, 0 - 12 wt% F127, T = 25 °C.

equilibrium [29,30]. However, samples at lower ¢ displayed evidence of
phase separation for the 4 wt% F127 system, which implies the
threshold of minimum volume fraction of aqueous phase required in the
stable water-in-fluorocarbon system.

Additionally, samples with different surfactant concentrations were
investigated for potential effects on the system. Results showed that
samples with higher and lower FSO concentrations were found to be
opaque at room temperature (Fig. S2) while samples at intermediate
concentration (15 wt%) became clear and transparent at 25 °C.
Although detailed structural studies of opaque phases in certain samples
were not performed, previous work of Schubert and Kaler suggests that
the opaque phases may correspond to a lamellar liquid crystal, which
may not be beneficial to the potential applications [28]. Considering the
emphasis of this work is on exploring the stable systems with droplet
nanostructures, the majority of SANS, SAXS, and rheology studies re-
ported below focus on samples with an FSO concentration of 15 wt% and
@ = 0.58.

3.2. Microstructure: SANS and SAXS studies

In order to compare the internal structure of all samples, SANS and
SAXS were used to evaluate the differences in nano-scale structures.
SANS spectra on systems with ¢ = 0.58 and varying amounts of F127 are
shown in Fig. 3, which includes sample range from the neat nano-
emulsion (0 wt% F127) to 12 wt% F127. All spectra displayed the
characteristic scattering from spherical objects [31], suggesting the
possible formation of emulsion droplets in the sample. Moreover, it was
observed that the increased amount of F127 from 0 wt% to 12 wt%
resulted in the sharpening of the primary peak and the appearance of
higher-order peaks, which indicates some ordering of droplets were
formed at higher F127 concentrations inside the systems. The SANS
spectra do not have sufficient resolution to determine the nature of the
ordering in systems at higher F127 concentrations. However, SAXS
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Fig. 4. SANS spectra and fittings of samples with ¢ = 0.58, 0-12 wt% F127, T = 25 °C. Spectra for samples with 2 wt% and 4 wt% F127 were manually fit.
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profile confirms that the formed droplets show some short-range
ordering in nanoscale corresponding to a hexagonal close-packed
structure [32]. In Fig. S3, representative profile of sample with 4 wt%
F127 displays the characteristic size of droplets as a d-spacing of ~30
nm, where the d-spacing is obtained as d = 27/qmqx-

In order to interpret the SANS data quantitively, SANS spectra were
fit using established data-fitting routines [33]. The scattered intensity
can be expressed as:

1= N(Ap)* P(q) S(g) 8]

where P(q) is the form factor, S(q) is the structure factor, and N is the
number density of the scatters. As mentioned above, the spectra are
characteristic of spherical scatters. Thus, we choose to use a spherical
core-shell form factor for all samples:

scale [3V.(p.-p, )i (are) + 3V, (py -Poor )is (ars) :
V: qre qrs

P(q) = + bke @

where V; is the volume of the whole particle, V. is the volume of the core,
r. is the radius of the core, t is the thickness of the shell, ry is the radius of
the particle, p. is the scattering length density (SLD) of the core, p; is the
SLD of the shell, pgn is the SLD of the solvent,
ji(x) = (sinx — xcosx) /x2, 15 =1+ t Vs= (4n/3)r3, and
V. = (4rn / 3)r3. Polydispersity in the core size was accounted for by
averaging over a Schulz distribution of radii [34].

The structure factor S(q) contains the information about spatial
arrangement of the particles relative to an arbitrary origin. For an
isotropic solution, the orientational average can be calculated as:

S(q) =1+ 4mn, / lg(r) — 1122972y 3
0 qr
where g(r) can be calculated from Ornstein-Zernicke (O-Z) equation:

h(r) =g(r) =1 =c(r) + n/c(ﬁ — X|)h(x)dx 4

An additional closure relation between c(r) and h(r) is needed to
solve the O-Z equation. We attempted to fit our data using three different
models: a hard sphere potential with the Percus-Yevick (P-Y) closure, a
square-well potential with the mean spherical approximation, and a
perturbation solution of the P-Y closure with a sticky hard sphere po-
tential. The most physically reasonable values for the parameters, which
we judged based on both goodness-of-fit and low relative errors in the fit
parameters of < 10%, were obtained with the square-well potential:

o) r<o
u(ry=<9 =Uy o<r<io 5)
0 r> Ao

where 1 is the width of square well defined in multiples of the particle
diameter (o), Uy is the square well depth, and r is the distance from the
center of a sphere [35]. However, there are some limitations to this
approach. For example, it is known that use of the square-well potential
with the mean spherical approximation yields the best agreement with
Monte Carlo simulations of square-well fluids for Uy < 1.5 kT and ¢ <
0.08. Considering that our samples are at considerably higher volume
fractions, the obtained well depths are significantly higher than 1.5 kT
for nearly all samples as well as the volume fractions are much greater
than 0.08 but still smaller than 0.74. Nevertheless, as this model was the
only one that yielded physically reasonable results, we have used the
results of data-fitting with this model to interpret our results. Addi-
tionally, parameters for samples with 2 wt% and 4 wt% were fit
manually due to issues with convergence of the fitting software for these
samples; this resulted in no calculated errors for the fitting parameters
for these samples.

Due to the equal ratio of water to PFOB in our samples, it is necessary
to verify that we have water-in-fluorocarbon droplets, rather than

Colloids and Surfaces B: Biointerfaces 202 (2021) 111641

Table 1

Structural parameters of emulsion droplets from spherical core-shell model.
Spectra for samples with 2 wt% and 4 wt% F127 were manually fit and no fitting
errors were obtained. Length (ry) is defined as the sum of radius of core (r,) and
thickness (t).

% Radius Thickness Length Volfraction Well depth

F127 () A (0N] &T)

0 119.0 + 63.0 £ 0.6 182.0 + 0.271 + 2.8 +0.4
0.4 1.0 0.002

0.5 1152 + 63.7 £ 0.4 178.9 + 0.258 + 1.1+0.1
0.4 0.8 0.001

1 112.8 + 64.9 +£ 0.4 177.7 + 0.260 + 11+0.1
0.5 0.9 0.002

2 100.0 65.0 165.0 0.400 20.0

4 93.0 68.0 161.0 0.490 30.0

6 71.2 + 91.3 £0.7 162.5 + 0.439 + 1597.1 +
0.6 1.3 0.002 42.9

8 76.8 + 847 £1.2 161.5 + 0.469 + 836.4 +
1.2 2.4 0.002 18.8

12 79.9 + 83.8 £ 0.9 163.7 + 0.495 + 1413 + 50.9
1.1 2.0 0.001

fluorocarbon-in-water droplets. We attempted to fit our data assuming
both scenarios. Only when considering the water-in-fluorocarbon
emulsion did we obtain physically reasonable values for fitting param-
eters. Assuming fluorocarbon-in-water emulsion often led to negative
values for the core radius and/or the shell thickness, which makes no
sense for physical emulsion droplets. Thus, fittings of our scattering data
confirm that we prepared nanoemulsions comprising water-in-
fluorocarbon droplets.

Fittings of all scattering profiles and corresponding parameters ob-
tained from the polydisperse spherical core-shell model are shown in
Fig. 4 and Table 1. For most samples, the droplet radius plus shell
thickness is roughly half of the d-spacing obtained from SAXS. This is
physically reasonable since the d-spacing characterized by SAXS refers
to the distance between two scattering centers of droplets, which is the
approximate length scale of the nanoemulsion structure. The shell
thickness increased with increasing concentration of F127, reaching a
maximum at 6 wt% of F127 and then decreasing at higher concentration
of F127. The radius showed a reverse trend, exhibiting a minimum value
at 6 wt% F127. This suggests that the PEO blocks of F127 assist in
forming smaller water droplet cores, leading to decreasing radius.
Meanwhile, the PPO midblocks in the continuous PFC phase tended to
stretch out and may act as bridges between droplets at higher F127
concentrations, resulted in the increasing value of thickness of droplets
[36].

The trend of square well potential Uy, or strength of attraction is not
clear at low triblock copolymer concentration but increases to reach a
peak, and then decreases with higher concentration. Although the
values for Uy are quite high and may not be quantitatively accurate due
to limitations of the square-well model, it is clear that addition of tri-
block polymers induces stronger attractions between droplets. Inter-
estingly, the maximum attraction between droplets occurs at 6 wt%
F127. Although we must be careful not to over-interpret these data, this
behavior is directly mirrored in the elastic modulus, as described further
below. Close examination of the SANS spectra at 12 wt% F127 shows an
upturn at low q that cannot be captured accurately by the fitting model.
This may indicate some type of phase separation on the microscale such
as the formation of small domains that are richer in both droplets and
F127 chains. It is known that similar types of samples display a phase
separation that is equivalent to a gas-liquid transition in small molecule
systems [30,37,38]. It is not clear what effect the formation of such a
phase would have on the inter-droplet attraction and rheology, but it
may act to decrease the effective droplet volume fraction and F127
concentration in the majority phase.
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Fig. 5. Elastic modulus, tand and complex viscosity of samples at ¢ = 0.58, 0-
12 wt% F127, T = 20 °C.

3.3. Rheology and analysis of structure-rheology relationships

In order to explore the relationship between the structure and
rheological properties of samples, oscillatory rheology experiments
were carried out on samples with various concentration of F127 at 20 °C.
The obtained parameters including G’, tan &, and |*| are shown in
Fig. 5. There is a non-monotonic dependence of both G’ and |*| on F127
concentration, with the maximum value of these parameters occurring
at 6 wt% F127. As discussed above, this may be due to some sort of
micro-phase separation at high F127 concentrations and the highest
elastic modulus verifies the rationality of obtained strength of attrac-
tions between droplets from fitting model even though results exceeded
the limitation.

Based on the value of tan § in Fig. 5, these samples underwent a
transition from liquids to elastic gels as F127 concentration increased.
This was also quantified through following experiments. Although pure
F127 copolymer in aqueous solutions can form gels, the gel-liquid
transition in our system occurs between 2-4 wt% F127. This is far

Colloids and Surfaces B: Biointerfaces 202 (2021) 111641

Table 2

Theoretical Parameters from Classical Rubber Elasticity Theory.
%F127 n zlozz /m®) Go,m (Pa) Go,ex(Pa) f
0 0 0 0 59.0 NA
0.5 2.08 8.66 356 54.9 0.154
1 4.07 17.3 712 53.0 0.074
2 6.52 34.6 1424 71.2 0.050
4 121 69.3 2848 231.9 0.081
6 18.5 104 4272 937.1 0.219
8 24.5 139 5696 593.7 0.104
12 38.2 208 8545 575.2 0.067

below the gelation concentration as 16 wt% of F127 in its neat aqueous
solution at 25 °C [39,40]. This reveals that the added triblock copolymer
was involved in formation of the PFOB/water/FSO emulsion gel system
which helped enhance the stability of droplets with only a small amount
of added F127.

To connect the rheology and various parameters that characterize
the structure and inter-droplet forces, the above obtained rheological
data is used to determine any possible relationships between them.
There are two common concepts in theoretical descriptions of associa-
tive polymers: the fraction of elastically effective chains and the fraction
of bridging chains. The fraction of elastically effective chains, f, is the
fraction of chains that are connected to the infinite network of chains in
the system. Not all bridging chains are elastically effective due to the
topology of the network. Theoretical descriptions of triblock copolymers
attached to spherical surfaces suggest that the maximum attainable
value for the fraction of bridging chains is 1/3 [41].

Based on this, we can estimate the fraction of elastically effective
chains from our data using results from classical rubber elasticity theory
and transient network theory [42-44]:

Gom = VKT (6)

f: GO,exp/ GO,lh (7)

where v is the number density of elastically effective chains, Go , is the
theoretical modulus assuming that all chains are elastically effective,
and Gopexp is the experimentally-determined high frequency elastic
modulus. The number density of elastically effective chains is expressed
as:

Vv = nuMpoiymer | Viotal (8)

where Viorq is the total volume of sample and numypopymer is number of
polymer chains. The average number of polymers on droplets, n, is
calculated as following:

n = NUM.polymers /num-dmplel (9)
where

4
numdroplw = Vforal¢/[§ ”(rc + t)3] (10)

The obtained parameters from above calculations are shown in
Table 2. The maximum value of f, occurring at 6 wt% F127, is 0.219,
which is much larger than the values at other concentrations. This in-
dicates that significant bridging occurs between droplets in the 6 wt%
F127 sample; that is, there is physical crosslinking of droplets by the
PPO midblocks of the copolymers. Such a high fraction of bridging effect
may lead to the increase of shell thickness and volume fraction. This also
agrees with the previous results that samples with 6 wt% F127 show the
largest thickness values in model fitting and the highest storage modulus
in rheological experiments among all the samples.
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Fig. 6. Temperature sweeps (10-35 °C, equilibrium time 3 min for each °C, frequency 1 Hz) of the systems with ¢ = 0.58, 0-12 wt% F127.
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3.4. Thermoreversible nature of gels

Temperature sweeps were performed in the range of T = 10~ 35 °C
and these revealed the complexity of thermal effects on the emulsion
gels. The emulsion system contains thermally-sensitive PEO and PPO
chains from the triblock copolymer PEO-PPO-PEO and the surfactant
FSO with the form (CF3),-PEO. Thus, it is possible that complex in-
fluences will be imposed on these systems by changing the ambient
temperature.

Fig. 6 shows the effects of temperature sweeps performed on systems
with ¢ = 0.58 and 0-12 wt% F127 at a fixed frequency of 1 Hz. Samples
below 4 wt% displayed the profile with G” > G’ at room temperature
and behaved as liquids, while these samples formed either elastic gels
with G’ > G” or near-critical gels as G’ ~ G” at physiological temper-
ature. This means the gelling process could be easily tuned by changing
ambient temperature. Emulsion gels with such temperature-dependent
behavior can find application as drug delivery vehicles and for use in
cell encapsulation and tissue engineering. Samples with higher F127
concentration showed G’ > G” or G’ ~ G” at most temperatures tested,
suggesting the amount of added triblock copolymer is crucial to the
association and formation of emulsion gels.

For the purpose of exploring the potential practical application, the
temperature cycling testing on elastic modulus and viscous modulus was
performed. Fig. S4 revealed that viscoelastic moduli of 4 wt% sample
acted as the functions of ambient temperature from 22 °C to 32 °C.
Although there is a small degree of hysteresis, G’ and G’ are generally
reversible through repeated heating and cooling cycles. Samples that
have been repeatedly heated and cooled could recover their original
rheological behavior. Thus, these systems with specific thermores-
ponsive and thermoreversible behavior are promising in potential ap-
plications. In addition, more discussion about the effects of volume
fraction and surfactant concentration on the viscoelastic properties is
available in the Supplemental Information.

4. Conclusions

In summary, the water-in-fluorocarbon emulsion gels were prepared
and investigated with the addition of F127 triblock copolymer into the
nanoemulsion system of PFOB/water/FSO. The stable compositions of
water-in-fluorocarbon emulsion gels were obtained by tuning the
amount of added fluorinated surfactant and the volume fraction of
aqueous phase. The structures of transparent solution and gels were
mainly investigated and were suggested to consist of water-in-oil
nanoemulsion droplets. SAXS profiles suggests the existence of nano-
scale ordering as hexagonal close-packed structure of droplets with a d-
spacing of about 30 nm. SANS spectra with model fitting imply that as
F127 concentration increases, the nanoemulsion gels undergo a struc-
tural change whereby water droplets decorated with copolymer in the
fluorocarbon phase become smaller in size scale but increase in total
numbers, and more physical crosslinking occurs caused by midblock
bridging. The rheological properties were also tunable by changing
compositions. A relatively low concentration of F127 triblock copolymer
was applied to gel the nanoemulsion system. The maximum elastic
modulus occurred in the 6 wt% F127 sample which agrees with the
highest strength of attraction between droplets from the model fitting.
The nanoemulsion gels are sensitive to temperature and switch from a
liquid solution to gel state under physiological relevant temperatures,
and the transition is reversible. Although we have focused on small-
amplitude oscillatory measurements here, it is likely that the presence
of the F127 also impacts the rheology in more complex ways, for
example by modifying stress recovery behavior or other time-dependent
phenomena, which should be explored in future studies.
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