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ABSTRACT: A targeted and controlled delivery of molecular
surfactants at oil−water interfaces using the directed assembly of
nanoparticles, NPs, is reported. The mechanism of NP assembly at
the interface and the release of molecular surfactants is followed by
laser scanning confocal microscopy and surface force spectroscopy.
The assembly of positively charged polystyrene NPs at the oil−
water interface was facilitated by the introduction of carboxylic acid
groups in the oil phase (e.g., by adding 1 wt % stearic acid to
hexadecane to produce a model oil). The presence of positively
charged NPs consistently lowers the stiffness of the water−oil
interface. The effect is lessened, when the NPs are present in a
solution of NaCl or deionized water at pH 2, consistent with a less
dense monolayer of NPs at the interface in the last two systems. In addition, the NPs reduce the interfacial adhesion (i.e., the
“stickiness” of the interface or, put differently, the pull-off force experienced by the atomic force microscopy (AFM) tip during
retraction). After the assembly, the NPs can release a previously loaded cargo of surfactant molecules, which then facilitate the
formation of a much finer oil−water emulsion. As a proof of concept, we demonstrate the release of octadecyl amine, ODA, that has
been incorporated into the NPs prior to the assembly. The release of ODA causes the NPs to detach from the interface altering the
interfacial properties and leads to finer oil droplets. This approach can be exploited in applications in several fields ranging from
pharmaceutical and cosmetics to hydrocarbon recovery and oil-spill remediation, where a targeted and controlled release of
surfactants is wanted.
KEYWORDS: nanoparticles, surfactants, oil−water interface, directed assembly, targeted delivery

■ INTRODUCTION
Directed assembly of nanoparticles (NPs) at liquid−liquid
interfaces has received widespread attention and has been
extensively studied by numerous investigators. The use of the
water−oil interface as a platform to direct, assemble, and
manipulate NPs opens new opportunities for research in
diverse fields, including colloidosomes,1−3 stabilized Pickering
emulsion,4−7 drug delivery,8,9 and all-liquid 3D printing.10−12

An effective approach for the controlled assembly of NPs at the
oil−water interface is by modulating and controlling the
interactions (e.g., ion-pairing) between the NPs and the
liquids. Examples of such systems consist of NPs dispersed in
one of the liquid phases and a molecule with complementary
functionality, which is added in a second, immiscible liquid
phase. In this direction, the assembly of various nanomaterials,
such as NPs,13−16 graphene oxide nanosheets,17,18 cellulose
nanocrystals,19 polyoxometalates,20 and carbon nanotubes,21

has been used to stabilize emulsions and to shape liquids into
complex structures. Although various systems based on NPs

acting as surfactants have been studied, reports of delivery of
molecular surfactants in a targeted fashion after assembly of the
NPs are still limited. Controlled delivery of surfactants at or
near oil−water interfaces would alleviate some key challenges
of using neat surfactants including extraneous adsorption or
dilution (e.g., near wellbore at an injection site), which reduce
their effectiveness. To reduce surfactant loss, several groups
explored the use of nano-encapsulated systems as an alternative
method for efficient surfactant delivery.22 For example, Avila et
al.23 evaluated the use of polystyrene NPs to encapsulate ionic
(sodium dodecyl sulfate) and nonionic (nonyl-phenol
ethoxylate-10) surfactants, which can be released by an oil
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uptake-triggered swelling. Zhao and co-workers24 explored a
nanofluid system by immobilizing an anionic surfactant to
amino-terminated silica NPs via electrostatic interactions. In
addition, Nourafkan et al.25 proposed porous TiO2 as
nanocarriers to deliver a blend of surfactants consisting of
nonionic (alcohol ethoxylated) and anionic (alkyl aryl sulfonic
acid) surfactants. They reported a reduced surface interaction
of the surfactant molecules with the rock surface. Silica NPs
have been also explored as nanocarriers for surfactant delivery.
However, the easy dissociation of the surfactant molecules
from the nanocarriers due to the relatively weak, non-covalent
interactions limits to some extent the controlled release
capabilities of these systems. Lastly, the addition of sacrificial
chemicals has been explored to lower the surfactants loss, but
these chemicals could increase implementation costs in real
applications.26 A potential solution is to deploy a system with
targeted and controlled release capabilities analogous to those
used in biomedicine to treat diseases.27,28 Toward this end, we
demonstrate here an NP system that first assembles at oil−
water interfaces and subsequently releases a molecular
surfactant (octadecyl amine, ODA) resulting in a finer
emulsion.
Our system combines into one platform feature that allows

first the assembly of NPs followed by the release of molecular
surfactants. The assembly is facilitated by using positively
charged NPs dispersed in the aqueous phase, which are
electrostatically attracted to the negatively charged model-oil
phase. We note that this approach is different from previous
reports, where the NPs are used in place of surfactants (i.e.,
Pickering emulsions). Instead, the NPs are used as carriers of a
water-insoluble molecular surfactant that is only released after
the NPs assemble at the oil−water interface. Our work is also
different from various other approaches29−31 used for
controlled release of surfactants as those involve a slow but
not targeted release. Thus, even though the latter represent an
improvement over the deployment of neat surfactants, they still
suffer from some of the same efficacy issues mentioned above.
Our study shows that the NP assembly as followed by a

number of techniques including confocal microscopy and force
spectroscopy measurements can be modulated by employing
different salinity electrolytes or by tuning the pH of the
aqueous phase. Using the same probes, we were able for the
first time to study the mechanism of the surfactant release and
offer insights that can be used in practical applications. To the
best of our knowledge, this is the first demonstration of both a
targeted and controlled delivery of molecular surfactants at the
interface to enhance emulsification.

■ EXPERIMENTAL SECTION
Materials and Methods. Hexadecane, Nile red, cetyltrimethy-

lammonium bromide (CTAB), 4,4-bis(2-benzoxazolyl) dye, stearic
acid, sodium chloride (NaCl), calcium chloride dihydrate (CaCl2·
2H2O), magnesium chloride hexahydrate (MgCl2·6H2O), sodium
sulfate (Na2SO4), sodium bicarbonate (NaHCO3), and ODA
(C18H37NH2) were purchased from Sigma-Aldrich and used without
further purification.

For the preparation of model oil, 0.01 M stearic acid was dissolved
in hexadecane by stirring overnight at 50 °C. 4,4-bis(2-cetyltrime-
thylammonium) dye was used to add a fluorescent label that emits
blue light for the LSCM (Laser Scanning Confocal Microscopy)
imaging. For the preparation of seawater (SW) (hereafter, referred to
as 100% SW), 41.04 g NaCl, 2.384 g CaCl2·2H2O, 17.645 g MgCl2·
6H2O, 6.343 g Na2SO4, and 0.165 g NaHCO3 were dissolved in 1 L

deionized (DI) water. This stock solution was further diluted with DI
water to prepare solutions of 20 and 50% SW.

Polystyrene NPs were synthesized via free radical miniemulsion
polymerization. Nile red was incorporated into the NPs to render
them fluorescent and distinguishable from the oil phase. Positively or
negatively charged NPs were synthesized using an ionic initiator and
copolymerization of the corresponding ionic functional monomers.
Briefly, for the positively charged PS NPs, 0.64 g of [2-(acryloyloxy)-
ethyl]trimethylammonium chloride, 0.75 g of CTAB, and 0.75 g of
2,2′-azobis(2-methylpropionamidine) dihydrochloride were dissolved
in 300 g of DI water. The oil phase containing 60 g of styrene, 1 mg of
Nile red, and 2 g of hexadecane was added to the aqueous solution
and sonicated using a Branson Ultrasonics 450 Digital Sonifier for 15
min. The obtained milky emulsion was purged with N2, heated to 67
°C, and kept at that temperature for 12 h. The resulting PS NPs were
purified via dialysis against DI water. Negatively charged polystyrene
NPs were synthesized using the same procedure, except that 1.08 g of
3-allyloxy-2-hydroxy-1-propanesulfonic acid sodium salt solution, 0.58
g of sodium bicarbonate, and 0.85 g of sodium persulfate were used in
the aqueous phase.

The ODA-loaded polystyrene NPs were synthesized similarly to
the positively charged NPs described above, except that 3 g of ODA
were added to the oil phase, and the fluorescent tag, Nile red, was
replaced with the covalently bonded fluorescein to avoid leaching of
the dye out of the NPs.

Apparatus and Methods. Transmission electron microscopy
(TEM) images were obtained using an FEI Tecnai 12 BioTwin
microscope. Confocal microscopy images were obtained using a Zeiss
LSM 710 confocal laser scanning microscope with a Plan-Apochromat
×25 and 1.40 water-immersion objective. Emulsions were prepared by
vortexing equal amounts of model oil with an aqueous suspension
containing different amounts of the NPs (0.5−1 mg/mL) in DI water
or brine. The pH of charged NPs dispersed DI water was adjusted to
2, 4, and 7 by adding aliquots of 0.1 M HCl and 0.1 M NaOH, as
needed. A few milliliters of the mixture were placed between two
coverslips and imaged. Zeta potential measurements were carried out
using a Zetasizer Nano ZS90 (Malvern Instruments). Zeta potential
was determined at 25 °C, and the NP suspensions (1 wt %) were
sonicated for 30 min before each measurement using a water bath
sonicator. For the emulsions, 2 mL of model oil was added to 5 mL of
water and utilized in an ultrasonicator (Fisher Scientific, Q500) at
10% amplitude for 10 min. For time-dependent measurements, 4 mL
of model oil was added to 8 mL of an aqueous dispersion containing
the ODA-loaded NPs and mixed using an ultrasonicator. AFM
experiments were performed in tapping and peak force tapping modes
on a Multimode 8, Nanoscope 6, using sharp nitride lever (SNL-10)
probes and Peakforce-HIRS-F-A cantilevers. For imaging in air, the
positively charged PS NPs were deposited from aqueous dispersions
onto silicon wafers (p-type Si, single side polished, purchased from
Pure Wafer) by drop casting. For the oil−water interface measure-
ments, a fluid cell was used, and the force−separation curves were
obtained with a force of 7 nN, in all systems. The deflection sensitivity
of the photodetector was calibrated by acquiring approach-retract
curves on a sapphire sample in model oil; the spring constant of the
cantilever was calibrated using the thermal method. A small droplet of
the aqueous solution with or without the NPs was placed on the
silicon wafer, and a larger drop of model oil was added to completely
cover the water droplet. For reproducible results, the AFM tip and tip
holder were immersed first in a few drops of model oil prior to the
measurements. The interfacial tension (IFT) of oil in aqueous
suspension of NPs was determined using a spinning-drop tensiometer
(KRUSS). The suspension was withdrawn into a 3.25 mm in diameter
capillary tube and an oil droplet of 4 μL was released into the
suspension. The equilibrium IFT was determined when three
consecutive measurements did not fluctuate more than 10%.

■ RESULTS AND DISCUSSION
Directed Assembly of the NPs at the Oil−Water

Interface. We started by investigating the mechanism of NP
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assembly using the model oil−water mixture. Recall that the
model oil is prepared by adding 1 wt % of stearic acid into
hexadecane. The fluorescent, water-dispersible polystyrene
NPs were synthesized via free-radical emulsion polymerization,
as described in the experimental section and shown in Scheme
S1. A quaternary ammonium comonomer was used to produce
positively charged polystyrene NPs (PS+). We note that the
negatively charged polystyrene NPs used for control experi-
ments were synthesized by the same method and substituting
the quaternary ammonium with a sulfonate comonomer. Both
positive and negative NPs are dispersible in DI water and
various brines. TEM and AFM imaging analyses showed
uniform, non-aggregated spherical particles with an average
diameter of 173 and 151 nm for PS+ and PS−, respectively
(Figure S1, of the supporting information). The zeta potential
of the NPs in DI water was +41 and −43 mV for the PS+ and
PS− NPs, respectively (Figure 1). Since the carboxylate groups
of stearic acid segregate at the surface, the z-potential of model
oil at pH 7 is −34 mV.

When a mixture of equal volumes of water and model oil is
vigorously agitated in a vortex mixer, it forms a non-uniform
emulsion, which phase-separates quickly into the two
immiscible phases. In contrast, when positively charged NPs
are added in the aqueous phase a different behavior and a more
stable emulsion are observed. LSCM images, in Figure 2A,B,
show clearly that the positively charged NPs tend to segregate
at the oil−water interface attracted by the negatively charged
carboxylate groups in the oil phase. Moreover, imaging of the
oil droplet at different depths demonstrates that the red
fluorescent NPs decorate the surface of the model oil droplet
(blue light fluorescence) uniformly, as shown in Figure 3.
AFM was used to provide direct visualization of the NP

assembly at the water−oil interface. Following established
protocols developed for liquid−liquid interfacial imaging,32−35

the AFM tip (immersed through the oil phase) is brought into
contact with the aqueous phase. The AFM image in Figure 2D
shows a near closed-packed assembly of NPs decorating the
interface. The amount of coverage of the interface is dependent
on the concentration of NPs in the aqueous phase (lower
concentrations lead to reduced coverage). The NPs after
assembly are virtually immobile, except when a low
concentration of NPs is used leading to a low coverage,

where the NPs show a very small degree of mobility at the
early stages of assembly (Figure S3). Interestingly, the size of
the assembled NPs at the interface measured by in situ AFM
(110 nm) is smaller than that measured by TEM after drying a
water suspension (173 nm) suggesting that the NPs do not
partition equally at the interface but prefer to be more in the
oil phase.
The above are consistent with dynamic IFT measurements,

showing that the assembly of positive NPs at the oil−water
interface reduces the IFT of the mixture from 31 to 11 mN/m.
These results are contrasted with experiments performed with
the negatively charged, sulfonate-functionalized NPs under the
same conditions (Figure S2A). In the absence of an
electrostatic driving force, the negatively charged NPs are

Figure 1. Zeta-potential measurements of model oil, PS+, and PS−
NPs at different brines and pHs.

Figure 2. (A, B) LSCM images for an equal volume mixture of model
oil and DI water, showing the attachment and assembly of PS+ NPs in
the DI water−model oil interface. In all images, the NPs are labeled
with a red fluorescent dye and the oil phase with a blue fluorescent
dye. (C) Schematic representation and (D) AFM height image of PS+
NPs assembly at the DI water−model oil interface.

Figure 3. Three-dimensional confocal images (z-scans) taken at
various depths showing the uniform assembly of the PS+ NPs around
an oil droplet with increasing depth (bottom, middle, and top of an oil
droplet). (A) Red filter showing the NPs only, (B) blue filter showing
the oil only, and (C) overlap of the two.
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not directed to the oil−water interface and stay dispersed in
the aqueous phase. These experiments demonstrate that the
complementarity of charges at the interface is required to
provide the necessary interactions for a successful assem-
bly.35−39

To evaluate the effect of salinity on the directed assembly, a
series of suspensions of positive NPs in brines of varying
composition and ionic strength were used in place of DI water
(Figure 4). The results of suspensions of positively charged

NPs in water containing 1 and 5 wt % of NaCl after mixing
with oil are shown in Figures S4 and 4A,B, respectively.
Consistent with NaCl screening the surface charges, the zeta
potential of both oil and NPs decreases with increasing salt
concentration (Figure 1). Nevertheless, and despite the
weakened ionic interactions, the positively charged NPs are
attracted and assembled at the interface. The degree of
segregation and assembly at the interface becomes less with
increasing NaCl concentration, consistent with the reduced
charge on both the NPs and the oil.
In addition, we tested three different NP suspensions in a

mixture of electrolytes simulating SW as well as lower salinity
brines obtained by diluting SW in DI water to produce
solutions of 20 and 50% (Figure S5). Increasing ionic strength
results in a decrease of the charge in both NPs and oil, but
both NPs and oil remain oppositely charged (10 and −9 mV,
respectively) even when the highest salinity brine is used
(Figure 2C,D). As expected, the NPs remain attracted to and
segregate at the interface, although the coverage is less than in
DI water. The reduced coverage is consistent with the lowering
(in absolute value) of the charge on both the NP and oil.

Another factor that affects the electrostatic interactions is
pH. At pH 7, the carboxylic groups are deprotonated, and the
surface charge of the oil is negative, while the ammonium
decorated NPs are protonated and positive (Figure 1). The
same is true for pH 4, although the charge is lower in both
systems. This charge complementarity gives rise to strong
electrostatic interactions and leads to a uniform decoration of
the NPs at the interface (Figure 4E,F), with the higher charges
on opposite surfaces leading to a stronger effect (pH 7 vs pH
4). However, under strong acidic conditions (pH ∼ 2), the oil
becomes neutral and the positively charged NPs are no longer
attracted to the interface despite the high charge (58 mV) on
the NPs (Figure 4G). Interestingly, under these conditions, the
PS− NPs still assemble at the interface (Figure S2B−D). The
assembly, in this case, is facilitated by H-bonding between the
sulfonic acid groups on the NPs and the carboxylic groups on
the oil surface, most likely mediated by water molecules.

Nanomechanical Properties of Oil−Water Interfaces.
To further study the assembly of the NPs and to develop a
better understanding of the interactions involved, surface force
spectroscopy was used. We note that force spectroscopy goes
beyond mere imaging and provides information on the
mechanical response of the interface. Figure S6 shows typical
force−separation (F−S) curves for various systems when the
same force (7 nN) is applied. In general, the slope of the curve
in the contact region decreases in the presence of NPs,
indicating a softer interface (softer interfaces lead to less
cantilever deflection at the same height, z). From these
measurements, the interfacial behavior is quantified (Figure
S6C) and a detailed mechanical response can emerge,
summarized in Figure 5. As we mentioned earlier, the assembly
of positively charged NPs at the oil−water interface lowers the
IFT of the mixture. Similarly, the interfacial stiffness, (Figure
5A),32,33 consistently decreases with the presence of NPs in the
oil−water interface, with the most notable differences
observed, when the NPs are in DI water (decrease of 30
mN m−1) or SW (decrease of 35 mN m−1). The results for the
system either in a solution of 5 wt % NaCl or at pH 2 show
relatively minor changes (∼7.5 mN m−1), when NPs are
present in the aqueous phase, consistent with the presence of a
submonolayer of NPs at the interface in these systems. The
trend for the deformation is consistent with that for the
modulus. For example, a more deformable interface is seen,
when the oil is mixed with a suspension of NPs in either DI
water (185 nm) or SW (145 nm) (Figure 5B), while the effect
is minimal for NPs suspended in water containing 5 wt % NaCl
(20 nm) or in water at pH 2 (10 nm).
In addition to stiffness and deformation, the force spectros-

copy measurements provide information about adhesion. The
“stickiness” of the interface is taken from the minimum of the
force vs separation curves upon retraction of the (hydrophilic)
tip. The mean adhesion of the interface between the oil and
the NP-free water is 5 nN (Figure 5C). When the DI water is
substituted with a brine containing NaCl (5 wt %) or with SW,
the mean value of the adhesion remains virtually unchanged,
although the values show a higher distribution. In contrast,
when the pH of the aqueous phase is lowered to 2, the
adhesion doubles, probably due to the decrease of the charge
of the model oil to practically zero, making it essentially a
neutral surface. When NPs are introduced into the aqueous
phase, the adhesion or the “stickiness” of all systems is lower
compared to the systems in the absence of NPs. These
experiments suggest that the pull-off force experienced by the

Figure 4. LSCM images showing the assembly of PS+ NPs, in (A, B)
5% NaCl, (C, D) 100% seawater, as well as in (E) pH 7, (F) 4, and
(G) 2.
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AFM tip during retraction, or the stickiness of the interface is
reduced in the presence of the hydrophilic NPs.40,41 At pH 2
an increased adhesion force is seen. We note that the model oil
is basically neutral and the increased adhesion in the oil−water
mixture in the absence of the NPs is attributed to the
protonation of the carboxylic groups and the resulting charge
neutralization that allows the stearic acid to form strongly
interacting, H-bonded aggregates of stearic acid and neighbor-
ing water molecules.42,43 In that case, a higher force is observed
for the retraction of the AFM tip from the interface resulting
from the increased adhesion. Interestingly, the presence of the

NPs in DI water at pH 2 decreases the adhesion to a value
comparable to that of the neat oil−water system at neutral pH.
The decrease is most likely due to the presence of the NPs at
the interface where, even though the coverage is very sparse,
the NPs disrupt the formation of strongly bonded, stearic acid
aggregates leading to a lower adhesion.40,44

Mechanism of Targeted Delivery and Release. After
studying systematically the electrostatic interactions and
assembly in various systems, we investigated the potential of
the assembled NPs to emulsify an oil−water mixture by
releasing locally their surfactant loaded cargo. More specifi-

Figure 5. Histograms of (A) stiffness, (B) deformation, and (C) adhesion of various oil−water systems, in the presence and absence of NPs in the
aqueous phase, derived from force−separation curves.
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cally, we investigated the release and delivery of a water-
insoluble molecular surfactant, ODA, which had been
encapsulated during synthesis inside the NPs (Scheme S1).
Note that for these studies the fluorescent tag, Nile red, was
replaced with the covalently bonded fluorescein to avoid
complications related to the leaching of Nile red out of the
NPs and affecting emulsification. The assembly of the ODA-
loaded NPs as well as the surfactant release was studied by a
series of time-resolved force spectroscopy measurements.
Figure 6 shows force−separation curves for the water−oil
interface in the presence of ODA containing NPs in the
aqueous phase as a function of time. At t0 (taken 30 min after
the model oil was added to an aqueous dispersion of NPs), the
response is noisy exhibiting a range of stiffnesses and
deformation values. The inhomogeneity of the interface, with
both soft (NP decorated interface) and stiff (neat interface)
regions, suggests that the assembly of the NPs is not
instantaneous and that it takes time for the system to reach
equilibrium. After 14 h, the force separation curves stabilize
into a more uniform response and the mechanical properties
are consistent with a system where NPs are present at the
interface, as discussed above. This behavior persists for 38 h.
Interestingly after 48 h, the mechanical properties change
again, and the results correspond to a stiffer interface. No
further changes are observed after 62 h.
Specifically at t0, the stiffness (Figure 7A) of the oil−water

interface ranges from 18 to 49 mN/m; the lower values are
similar to an oil−water mixture in the presence of NPs, while
the higher values correspond to NP-free interfaces as discussed
previously (Figure 5). The stiffness stabilizes at ∼22 mN/m at
t = 38 h, and it becomes ∼40 mN/m at t = 48 h. Note that the

latter value is comparable to an NP-free system. The
deformation of the interface follows an opposite trend (i.e.,
higher stiffness corresponds to lower deformation) (Figure
7B).
Based on the above, we propose the following mechanism of

NP assembly and surfactant release. When the suspension of
the NPs is mixed with the oil, there is a time lapse before the
NPs assemble uniformly at the interface. The parts of the
interface that are decorated with NPs show low stiffness (high
deformation), while those that remain free of NPs show higher
stiffness (low deformation) similar to the NP-free interfaces.
As time passes, the NPs continue to assemble and after they
reach a steady state, the behavior is similar to the NP-
decorated interface. However, the release of the ODA
(triggered by its solubilization in oil) forces the NPs to detach
from the interface, and the mechanical behavior reverts to an
oil−water interface that is no longer decorated by NPs. This
detachment can be attributed to the presence of the ODA at
the interface that weakens the electrostatic interactions
between the oil and the NPs (see below).45−48

The release of the ODA from the NPs, and the
emulsification of the oil was confirmed macroscopically by
confocal microscopy by comparing the images of an oil (20 wt
%)−water mixture with and without NPs present in the
aqueous phase. Figure 8B,C shows images of the mixture at t0
and t = 48 h, respectively. Figure 8A shows the mixture in the
absence of the NPs. In the absence of NPs, a large-scale phase
separation is seen (Figure 8A). When the NPs are present in
the aqueous phase, the NPs assemble at the interface (t0,
Figure 8B). Since no release of ODA has taken place yet, a
large phase separation of the mixture is still apparent. However,

Figure 6. Time-dependent force−separation curves obtained in the water−oil interphase in the presence of ODA-loaded PS+ NPs in the aqueous
phase.
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an image taken after 48 h shows a finer oil−water emulsion
with much smaller oil droplets (∼3 μm in size) formed (Figure
8C).
The z-potential of the various systems involved was followed

for further insights into the process. The ODA-loaded NPs
show a z-potential of +32 mV (still positive but slightly lower
than that of the ODA-free (Nile red based NPs described
earlier); the model oil starts at −35 mV (Figure 8D).49−51

When the oil and the aqueous suspension are mixed together
and after about half an hour (t0), the majority of the emulsion
shows a z-potential of −5 mV with a minority second peak at
+32 mV. The results are consistent with oil droplets decorated
with NPs with some free NPs remaining (−5 and +32 mV,
respectively). After 14 h and with more NPs attracted to the
interface the charge of the emulsion turns slightly positive. A
smaller fraction shows a peak at −8 mV most likely due to oil
that is not completely decorated with NPs. The emulsion
reaches a maximum value of +10 mV after 24 h, decreasing to
almost a neutral value after 48 h. Notably, on their own the NP
suspensions as well as the model oil are fairly stable over time
with virtually no changes in their z-potential. From the above
and using the z-potential of oil−water mixtures intentionally
spiked with ODA as a reference (Figure S7, left), we estimate
the ODA release of the NPs to be about 20% of the total.

Based on the above, we suggest that early in the process the
positively charged NPs are attracted by charge complemen-
tarity and assemble at the oil−water interface driven by the
electrostatic interactions. After an equilibration time of a few
hours, they start releasing their cargo. As ODA is released into
the oil phase, it prevents the gross phase separation and forms
a finer emulsion. In addition, as ODA is released, it displaces
the NPs from the interface, which returns to the aqueous
phase. It is worth mentioning that force spectroscopy of an
intentionally ODA-spiked oil shows the same mechanical
response as that measured after the slow release of ODA from
the NPs (Figure S7, right). It is also worth mentioning that the
intentionally spiked ODA oil shows an adhesion value similar
to that at pH 2 in the absence of NPs where the oil phase is
neutral and void of NPs.52 Moreover, the IFT of the system,
when the ODA-loaded NPs are present takes several hours to
equilibrate and after 54 h, it plateaus at 2.7 mN/m. For
comparison, the IFT of the system in the presence of NPs,
which do not contain ODA, reaches quickly a value of 11 mN/
m.

■ CONCLUSIONS
In summary, the mechanism for targeted assembly of NPs and
delivery of a water-insoluble molecular surfactant incorporated
into their cores has been investigated by a number of

Figure 7. Histograms of (A) stiffness and (B) deformation, derived from force−separation curves of the water−oil system in the presence of ODA-
loaded PS+ NPs in the aqueous phase.
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techniques including for the first time force spectroscopy
measurements. Positively charged NPs assemble preferentially
at the oil−water interface by fine-tuning the electrostatic
interactions with the negatively charged carboxylic groups
present in the oil phase. The electrostatic interactions can be
modulated by changing the ionic strength of the aqueous phase
or the pH. The NPs influence the interfacial properties of the
oil−water interface. For example, the stiffness of the interface
decreases, and the deformability increases in the presence of
the NPs. In addition, the NPs reduce interfacial adhesion. After
the assembly, the NPs release an appropriately loaded cargo of
surfactants, which facilitate the formation of a much finer oil−
water emulsion. We further show that the release of ODA,
which has been preloaded onto the NPs, causes the NPs to
detach from the interface and leads to a finer emulsion with a
smaller oil droplet size. These studies provide proof of concept
for a targeted and controlled release and provide mechanistic
insights of the process paving the way for a number of potential
applications in diverse fields, where emulsions are used.
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