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ABSTRACT: There is an increasing demand within the pharmaceutical and
cosmetic industries for biofriendly lipid-based active ingredient delivery systems.
Micelles, liposomes, and lipid nanoparticles are currently the most used systems
despite their limitations. Oleosomes, also known as lipid droplets, are promising
alternatives to the existing strategies. Oleosomes are typically found in plant cells
and are characterized by a nonpolar triacylglycerol core surrounded by a
phospholipid monolayer punctuated with the protein oleosin. Producing
oleosomes synthetically allows the customization of their lipid content, size,
protein content, and oil core characteristics, expanding their versatility. Herein
we demonstrate a proof of concept for the use of synthetic oleosomes to
sequester polar molecules by modulating their core polarity with blends of
sunflower and castor oils. The physical properties (density, refractive index, and
permittivity) of the oil blends are characterized and demonstrate ideal mixing of
the oils, which is supported by molecular dynamics simulations. Spectroscopic examination of the oil blends using fluorescent probes
shows that the polarity of oil blends increases as the fraction of castor oil increases. Finally, we show that the uptake of a polar
fluorescent probe (NBD-glucose) into synthetic oleosomes is enhanced by increasing the polarity of the oil core, but large charged
molecules are excluded from the core regardless of polarity. These experiments show that synthetic oleosomes with tunable oil cores
can expand the range of molecules that can be loaded into a biofriendly package as desired for biotechnology applications.

■ INTRODUCTION
Within the personal care and pharmaceutical industry there is
great interest in the delivery of active ingredients using
biofriendly lipid-based strategies.1,2 Currently the primary
methods of choice are micelles, liposomes and lipid nano-
particles. The simplest of these is the micelle.3 Micelles are
aggregates made of amphipathic detergent or lipid molecules
that arrange with their hydrophobic tails inward and their
hydrophilic heads outward. While touting easy assembly,
micelles have a limited volume of cargo that they are able to
hold due to their small size and can rapidly disintegrate if diluted
below their critical micelle concentration.4,5 Liposomes are
composed of a spherical phospholipid bilayer with a central
aqueous core which provides both hydrophilic and hydrophobic
environments, thus expanding the range of molecules they can
sequester.6−10 However, liposomal sequestration of molecules is
limited by cargo leakage and poor structural integrity. Lipid
nanoparticles consist of a phospholipid monolayer that
surrounds a liquid-crystalline lipid core. However, the final
efficacy of delivery can be reduced due to alterations sustained
during the high-pressure particle formation process or temper-
ature-related changes to the fluidity of the solid core.11,12

Recently, oleosomes, also known as lipid droplets (LDs) or oil
bodies, have emerged as a potentially superior delivery

agent.3,13−17 They are found in plant seeds where they function
mainly as repositories of energy. Oleosomes have a well-
established structure consisting of a triacylglycerol core encased
by a phospholipid monolayer (Figure 1A).18 The surface of
oleosomes is punctuated extensively with the protein oleosin,
which is thought to stabilize them.18 Although oleosomes can be
obtained directly from plant seeds, these naturally derived
oleosomes lack customizability to meet the needs of specific
applications as the size, phospholipid composition, protein
content, and oil core characteristics are not easily altered.
On the other hand, synthetically prepared oleosomes have the

potential to overcome the aforementioned limitations.19,20

Recently, a new method was developed to create oleosomes of
specific size, defined phospholipid composition, variable oleosin
content, and tunable buoyancy.21 However, the extremely
hydrophobic properties of the triacylglycerol core limits the
utility of oleosomes as only uniformly nonpolar molecules can
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be sequestered. To render oleosomes more amenable to
uptaking molecules which are more polar, we have created
synthetic oleosomes with a core that is a blend of sunflower oil
and castor oil (Figure 1B). We demonstrate that by modulating
the core polarity of our oleosomes using the more polar castor
oil, the selective uptake of glucose, a polar molecule, is improved
without affecting the ability of the oleosome membrane to
exclude soluble proteins from entering. We believe the

experiments reported herein serve as a proof of concept for
using modulated core properties to expand the application of
oleosomes for molecule sequestration.

■ RESULTS AND DISCUSSION
Physicochemical Properties of Oil Blends. Sunflower oil

(SO) and castor oil (CO) possess the typical triacylglycerol
structure aside from the fact that CO employs ricinoleic acid, an

Figure 1. Cartoon depicting oleosome structure including oleosin inserted into the monolayer. (A) Natural oleosome. (B) Synthetic oleosome. CO
molecules shown in teal. SO molecules shown in purple.

Figure 2. Physicochemical properties of oil blends. (A)Density. (B) Refractive index. (C) Permittivity.Mean of 3 trials plotted with standard deviation
(deviation of 0 results in no plotted bars).

Figure 3. (A)MD simulation snapshots of oil blends at 0 ns (initial) and 500 ns. Sunflower oil (SO) and castor oil (CO) are shown in orange and cyan,
respectively. (B) Radial distribution functions g(r) of oil blends. Cyan, orange, and black traces are CO−CO, SO−CO, and SO−CO interactions,
respectively. The central oxygen atom in the glycerol backbone of the triacylglycerol was used to calculate distances.
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unusual fatty acid that contains hydroxyl groups making CO
more polar relative to SO (Figure 1B). Therefore, the polarity of
the oil blend can be modulated via the volume fraction of CO.
To characterize the physical properties of these blends several
quantities were measured: density, refractive index, and
permittivity. The density is expected to increase as the
percentage of CO increases, as CO is more dense than SO
due to the presence of hydroxyl groups on the fatty acid tails.
This trend was observed, and the oil blends demonstrated a
positive linear trend as the percentage of CO increases (Figure
2A). The refractive index also increases linearly with the increase
in the volume fraction of CO as CO has a higher refractive index
than SO (Figure 2B). The dielectric constant or permittivity of
the blends also increased linearly with an increasing percentage
of CO, indicating that the overall polarity of the blend was
increasing (Figure 2C). Although CO increases the density of
the oil blend, at all percentages of CO, the density remains less
than that of water, indicating that these mixtures, when formed
into oleosomes, will still rise to the top of an aqueous medium.
Taken together, the linearity of the trends as the volume fraction
of CO increases strongly supports that the two oils are mixing
ideally.
Molecular Dynamics Simulations of Oil Blends. To

study the mixing behavior of the oil blends further, molecular
dynamics (MD) simulations were employed. For each
percentage of CO, 5 replicates were simulated, with each
initially having a unique randomly distributed placement of SO
andCOmolecules. The systems were allowed to equilibrate over
500 ns to see if any segregation of SO or COmolecules occurred.
The initial and final simulation snapshots are shown in Figure
3A. Due to the constraints of the Membrane Builder framework,
initially the CO and SO are placed in a bilayered configuration.
However, as the simulations proceeded, the bilayer structure
disappeared allowing the SO and COmolecules to mix freely. As
a consequence, by the end of the simulation at 500 ns, the
dimensions of the system box became a square as opposed to its
initial rectangular shape. Similar behavior has been seen in lipid
bilayer simulation studies containing significant fractions of
triacylglycerol lipids.22−24 Importantly, during the simulation,
SO and CO appear to mix freely (i.e., not showing a preference
based on its initial positioning in the replicate) regardless of the
percentage of CO (Sup. Video 1).
Next, radial distribution functions (RDFs) were calculated to

quantitate the degree of mixing between SO and CO molecules
(Figure 3B). The RDF, denoted as g(r), quantifies the
probability of finding a lipid at a distance r from a reference
lipid compared to that of a random distribution. Therefore, a
g(r) equal to one indicates a random (i.e., homogeneous)
distribution, while a g(r) that deviates significantly from 1
indicates lipid segregation. For all percentages of CO, g(r) was a
relatively flat curve which remained close to 1 over the entire
system box, which indicates homogeneousmixing of SO andCO
in the oil blends. Lastly, system density was calculated (Sup.
Figure 1). The positive linear trend as a function of percentage of
CO agrees well with the density data shown in Figure 2A.
Although the trend agrees well with the experimental data, the
absolute densities are slightly lower than the experimental values
perhaps due to limitations of the force field employed in the
simulations. Overall, the MD simulation results reinforced the
experimental data showing that the mixing CO and SO appears
to be ideal (i.e., lipids not showing a preference to associate with
themselves).

Interaction of Fluorescent Probes with Oil Blends.
Three different hydrophobic fluorescent probes (Prodan,
curcumin, and pyrene) were used to study the chemical
properties of the oil blends (Figure 4). Prodan contains only

hydrogen bond acceptor sites, while curcumin can both donate
and accept hydrogen bonds. Pyrene, can neither donate nor
accept hydrogen bonds. Both Prodan and curcumin are
solvatochromic, meaning that their wavelength of maximum
emission (λmax) is responsive to the polarity of the environment
(Sup. Figure 2). Both Prodan and curcumin demonstrate a red
shift in λmax as the volume fraction of CO increases (Figure 5).
This shift is expected as CO is more polar than SO. This finding
is consistent with the previously discussed observation that CO
has a higher permittivity than SO.
Interestingly, the λmax of Prodan and curcumin in the oil

blends did not increase linearly as was to be expected based on
the permittivity (Figure 2C). Instead, the maximum emission
wavelength increased rapidly upon the initial addition of CO
before leveling off as the mixture came closer to being entirely

Figure 4. Chemical structures of fluorescent probes.

Figure 5. Change in λmax of fluorescent probes as a function of oil
concentrations.
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Figure 6. Scatchard plot of fluorescent probes as a function of oil concentrations. (A) Curcumin. (B) Prodan.

Figure 7. (A) Fluorescence spectrum of pyrene as a function of oil concentration. (B) Linear regression analysis of I1/I3 for pyrene in various oil blends.

Figure 8. Fluorescence images of NBD-oleosin (green) and TR-DHPE (red) embedded in lipid monolayer.
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CO (Figure 5). This nonlinear trend shows that Prodan and
curcumin possess a preference for the more polar CO over the
less polar SO.
These findings were further analyzed via Scatchard analysis

(Figure 6) where the value Y represents the fraction of CO
molecules behaving as if they were in a 100% CO environment.
The KD values for Prodan and curcumin were found to be 1.40
M−1 and 1.36 M−1 respectively, indicating a measurable but
weak preference for CO to SO. The x-intercept of the Scatchard
plot provides further information, as it is equivalent to the
number of CO molecules bound to each probe. Prodan was
found to bind to 1.45 CO molecules, while curcumin was found
to bind to 1.40 CO molecules. These values indicate that each
probe can interact with multiple CO molecules, most likely
through their hydrogen bond donating and/or accepting sites.
To determine the role of hydrogen bonding in the interactions

between the probes and the oil blends, we chose a third
fluorophore, pyrene, which can neither donate nor accept
hydrogen bonds. Pyrene lacks the broad emission spectrum and
solvatochromism displayed by Prodan and curcumin. Pyrene’s
emission spectrum instead consists of five unique peaks, denoted
as I1 through I5 (Figure 7A). Peak I1 has been shown to increase
in intensity relative to I3 as solvent polarity increases, making the
ratio of the intensity of peak I1 to peak I3 a metric for
understanding how the polarity of the oil blend changes.25 This
ratio, when plotted against the volume fraction of CO,
demonstrated a linear relationship (Figure 7B), which is

consistent with the permittivity of the oil blends, and strongly
suggests that hydrogen bonding is the main contributor to the
preference of CO over SO for Prodan and curcumin.

Synthetic Oleosomes Containing Oil Blends. Now that we
characterized the oil blends, we sought to investigate the
possibility of creating synthetic oleosomes with them using the
methodology that was previously established in our lab.21 For
these studies, the synthetic oleosomes were prepared with
biotin-PE in their lipid monolayer so that they would adhere to a
neutravidin-coated glass surface. This immobilization scheme
allowed the oleosomes to remain on the surface of the glass
instead of floating away due to their low density. A hallmark of
successfully prepared oleosomes is an intact outer lipid
monolayer, punctuated with the oleosin protein. As seen in
Figure 8, for all volume fractions of CO, the signal from the red
(TR-DHPE) channel, which marks the lipid monolayer, and the
green (NBD-oleosin) channel strongly colocalize around the
perimeter of the synthetic oleosomes, indicating synthetic
oleosomes can be prepared using CO and SO blends. The
intensity line scans in Figure 8 further confirm that TR-DHPE
and NBD-oleosin colocalize on the perimeter of the synthetic
oleosomes. In addition, we measured the diameters of synthetic
oleosomes as a function of their CO content. For a fixed total oil-
to-phospholipid ratio, the diameters of the synthetic oleosomes
were not different, regardless of the CO fraction (Sup. Figure 3)
showing the oil blends do not affect the fundamental properties
of the oleosomes.

Figure 9. Fluorescence images of NBD-glucose (green) in TR-DHPE-labeled (red) synthetic oleosomes.
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As the volume fraction of CO in the synthetic oleosomes
increased, we observed substructures within the oil cores. We
were able to identify the composition of these substructures
using a lipophilic fluorophore (i.e., BODIPY). Clearly from Sup.
Figure 4 the BODIPY does not enter the substructure, indicating
that the composition is highly polar and thus water-based. In
addition, the presence of a TR-DHPE signal reveals that these
water substructures possess a monolayer in which the tails of the
monolayer point into the oil core and the polar heads toward the
water substructure. These likely form during the oleosome self-
assembly process due to the increased solubility of water in the
oil phase as the volume fraction of CO increases.

Uptake of NBD-Glucose in Synthetic Oleosomes with CO-
Rich Cores. Next, we sought to investigate the ability to
selectively sequester a molecule inside the oil core as a function
of the volume fraction of CO. Fluorescently labeled glucose
(Figure 4) was chosen because it is highly polar and is not
expected to enter the oil core of a traditional oleosome. Figure 9
shows representative confocal microscopy images of our
synthetic oleosomes in the presence of NBD-glucose. In the
0% CO trials, the NBD-glucose minimally enters the core of the
synthetic oleosomes. However, it appears that the NBD-glucose
interacts with the perimeter of the oleosome. As the volume
fraction of CO increases, the NBD-glucose begins to enter the
core. The intensity line scans in Figure 9 clearly show that as the
volume fraction of CO increases, the NBD-glucose fluorescence
becomes significantly more intense in the oleosome core. Figure
10 shows the strong correlation between NBD-glucose

fluorescence and volume fraction of CO. This increased
intensity is not adulterated by out-of-focus fluorescence, because
our synthetic oleosomes (∼5 μm diameter) are significantly
larger than the confocal focal plane thickness (<1 μm) which
keeps the inclusion of out-of-focus fluorescence to a minimum.
In addition, the substructures observed in synthetic oleosomes
with high concentrations of CO (Sup. Figure 4), also do not
result in the artificial increase in NBD-glucose fluorescence
intensity observed as the substructures are not visualized as
bright spots of NBD-glucose fluorescence (Figure 9) and the
interior intensity of the NBD-glucose containing synthetic
oleosomes is relatively uniform (i.e., not punctuated). It is
possible that differences in the size of the synthetic oleosomes or
slightly nonequatorial focusing of the images may contribute to
variances in the total fluorescence intensity; however, as seen in
Supp. Figure 3, there is no significant difference in synthetic
oleosome size as a function of the CO concentration and
combined with sufficient sampling of the synthetic oleosomes

for each concentration (>40 oleosomes), variance from all
sources is minimized. Thus, the trend of increasing interior
fluorescent intensity from NBD-glucose as a function of CO
concentration is in fact caused by the modulated core polarity
and this demonstrates the viability of tuning the polarity of the
oil core to modulate the uptake of a particular molecule.

Charged Proteins Are Excluded from Synthetic Oleosomes.
Lastly, we wanted to confirm that by changing the core polarity,
the oleosomes have not lost their ability to exclude highly
charged molecules. mCherry is a highly charged fluorescent
protein that should not pass through the lipid monolayer and be
sequestered in the core, regardless of the core polarity. Figure 11
shows representative fluorescence images of all core composi-
tion ratios. The use of NBD-oleosin allows for the determination
of the edge of the oleosomes. In the mCherry fluorescence
channel, there is uniform red signal except for where the
oleosomes are located. Clearly, mCherry cannot pass through
the lipid monolayer and enter into the core of the synthetic
oleosomes. The line scans confirm that there is high intensity of
mCherry outside of the oleosomes but very little signal inside.
Thus, regardless of core polarity, the entering of highly charged
particles into the core is not observed.

■ CONCLUSIONS
There is increasing interest in using oleosomes for cosmetic,
pharmaceutical, and industrial applications based on their ability
to encapsulate molecules in the droplet’s oil core. Most natural
oleosomes are composed of highly nonpolar triacylglycerols,
which limits the types of molecules that they can sequester.
Herein, we have demonstrated a new approach to synthetic
oleosome design. These synthetic oleosomes are stabilized by
oleosin, have a predictable size, and have a tunable core for the
sequestration of compounds with more polar characteristics. We
found that by changing the ratio of SO to CO in the core of the
synthetic oleosomes, the propensity for NBD-glucose to enter
the core could be modulated. We have also demonstrated
through simulations that the two oils mix in ideally and
uniformly within the synthetic oleosomes. The tuning of the
core did not affect the ability of the oleosome to prevent charged
proteins from entering into the core. Selectively controlling the
polarity (or conceivably other properties) of the core greatly
expands the utility of synthetic oleosomes for industrial
applications.

■ MATERIALS AND METHODS
Reagents and Chemicals. Sunflower oil and castor oil were

purchased from Sigma-Aldrich and Alfa Aesar, respectively. Egg
PC was obtained from Avanti Polar Lipids. 2-NBD-glucose and
curcumin were purchased from Cayman Chemical Company.
Pyrene was purchased from Thermo Scientific, and Prodan was
purchased from TCI America. All chemicals were of standard
ACS grade. Oleosin was expressed and purified to homogeneity
as described previously.26

Determination of Refractive Indices of Oil Blends.
Samples of the oil blends with 1 mL total volume were prepared
by adding the needed volumes of sunflower oil and castor oil to
produce 100, 75, 50, 25, and 0% v/v sunflower oil blends. The
samples were then heated in a hot water bath and mixed. 300 μL
of an oil blend was added to the stage of an Anton Paar Abbemat
3200 refractometer, allowed to reach 25 °C, and then measured.
The oil was then removed from the stage, which was
subsequently cleaned with ethanol. This process was repeated

Figure 10. Background-corrected fluorescence intensity of NBD-
glucose in synthetic oleosomes with varying concentrations of CO in
their core.
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in triplicate for all samples, ensuring the stage was thoroughly
cleaned in between trials. The refractometer was calibrated with
distilled water.
Determination of Densities of Oil Blends. Sunflower oil

and castor oil blends (1.6 mL total volume) were prepared in the
same volume ratios as for the determination of the refractive
index. The Kyoto Electronics DA-210 density/specific gravity
meter was prepared by first cleaning the density meter
thoroughly with a solution of 5 g of dish soap containing
sodium dodecyl sulfate and 3 g of sodium bicarbonate in 100mL
of water. Following cleaning, the density meter was rinsed
thoroughly with deionized water before being dried with
nitrogen gas for 3 min. The density meter was then calibrated
using air and ultrapure water. Following calibration, the oil
samples were drawn into syringes and injected into the density
meter, ensuring no bubbles entered the loop. Following each
measurement, the density meter was cleaned using the
previously described detergent solution, rinsed with water, and
dried with nitrogen for 3min. All measurements were performed
in triplicate.
Determination of Permittivity of Oil Blends. A dielectric

meter, BI 870, from Brookhaven Instruments was used for the
measurement of oils and blends. The meter was calibrated to
read the literature reported permittivity of n-hexane at 25 °C,
which is 1.9. Once a stable reading was obtained, the
measurement probe was drained of n-hexane and then immersed
in an oil sample. The oil sample was in a 25 mL glass cylindrical
tube clamped in place such that the oil inside the cylinder was

level with the water in a circulating temperature controlled bath.
After each measurement, the probe was removed, the oil was
drained and the probe was thoroughly rinsed with n-hexane. The
probe was then placed in pure n-hexane to ensure calibration
before the next oil blend measurement. Three independent
samples of each oil blend were measured.
Spectroscopy of Fluorescent Probes in Oil Blends.

Fluorescence spectroscopy of castor oil and sunflower oil
mixtures was performed using a Tecan Infinite Nano Pro.
Samples were prepared by first adding 10 μL of sunflower oil
(except for the 100% castor oil sample, where 10 μL of castor oil
was added instead), followed by 50 μL of chloroform and 1.5 μL
of a 2 mM fluorescent probe (Prodan, curcumin, or pyrene)
solution in chloroform. The samples were then vortexed and
placed under a stream of dry nitrogen gas for 10 min each.
Following drying, the samples were centrifuged for 1 min to
collect the oil in the bottom of the tube. The blends were then
completed by adding the volume of each oil needed to achieve a
total volume 200 μL per sample of the desired sunflower oil to
castor oil ratio. Samples without the fluorescent molecule were
prepared by adding the volume of oil needed to make 200 μL
samples of the desired oil ratio to a separate tube. 100 μL of all
samples were then added to a black polystyrene 96-well plate
before being placed into the Tecan Infinite Nano Pro. The gain
was calculated from the 100% sunflower with the fluorescent
molecule and all measurements were performed in triplicate.
The blends with Prodan and curcumin were prepared via this
method. Pyrene samples were prepared via the same process,

Figure 11. Fluorescence images of synthetic oleosomes with NBD-oleosin (green) that exclude mCherry (red).
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however, instead used ten times the volume of each component.
These spectra were collected using a Horriba Fluorolog
Fluorometer to make use of its superior bandwidth to
discriminate the finer details of Pyrene's emission spectrum.
The measurements, as with Prodan and curcumin, were
performed in triplicate. For the Scatchard plots, Ywas calculated
using the equation:

Y max,obs max,100%SO

max,100%CO max,100%SO
=

where λmax,obs is the maximum emission wavelength for Prodan
or curcumin in an oil blend, and λmax,100%SO and λmax,100%CO are
the maximum emission wavelengths for Prodan or curcumin in
100% sunflower oil and castor oil, respectively.
MD Simulations of Oil Blends. All-atom MD simulations

were prepared using the CHARMM36 lipid force field.23,27 Five
different systems composed of a total of 200 oil lipids (Sup.
Table 1), either pure oil type (SO or CO) or oil mixture (SO and
CO), were constructed using Membrane Builder in CHARMM-
GUI (https://www.charmm-gui.org) with optimized TAG
headgroup parameters with increased hydrophobicity.23,28−32

Each system has 5 replicates for better trajectory sampling
Initially, each system contained 150mMKCl bulk ionic solution
along with the TIP3P water model, but they were all removed
manually by utilizing Input Generator’s CHARMM script to
build the corresponding oil blend systems without bulk water
and ions.33 For the production simulation, OpenMM 8.0 was
utilized for all systems.34 A force-based switching method was
applied for van der Waals interactions between 10 and 12 Å and
the particle-mesh Ewald method was used for long-range
electrostatic interactions.35 A temperature of 303.15 K was
maintained by the Langevin dynamics with a 1 ps−1 of coupling
frequency. Note that, instead of using a semi-isotropic barostat
method (X = Y≠ Z) for typical membrane systems, the isotropic
Monte Carlo barostat method (X = Y = Z) was used for the oil
blend systems with the constant pressure at 1 bar.36 All bonds
containing hydrogen atoms were fixed by SHAKE algorithm and
hydrogen mass repartitioning method was applied and a 4 fs
time step was employed during the NPT (constant number of
particles, pressure, and temperature) production run of 500
ns.37,38 The last 100 ns of trajectories were used for analysis, and
VMD program was used for the trajectory visualization.39 The
RDFs were calculated using the CHARMM rdfsol command.40

Oleosome Preparation. Synthetic oleosomes were pre-
pared from egg PC, biotin-PE, sunflower oil, castor oil, and
oleosin. The egg PC (10 mg/mL) and biotin-PE (0.1 mg/mL)
were in a 99/1% molar ratio. The sunflower oil and castor oil
were added based on the desired ratio of total volume in the core
(14.6 μL). The mixture was then dissolved in 50 μL of
chloroform and vortexed until homogeneous. The solvent was
dried under nitrogen gas until fully dry. The sample was then
dissolved in 3.5 mL of a high-salt buffer (10 mM Tris, 2.2 mM
CaCl2, 250 mM NaCl) and sonicated for 3.5 min using a
Branson sonifier 450 equipped with a 3 mm diameter microtip
(duty cycle, 10%; output power, 4). Oleosin was then added
with a molar ratio of 50/1 egg PC/oleosin and sonicated for an
additional 3.5 min. Finally, the oleosomes were filtered through
Whatman grade 1 filter paper.
Surface Capture of Oleosomes. Neutravidin function-

alized glass was used to capture the biotinylated oleosomes.
Glass coverslips were washed with isopropanol, Milli-Q water,
blown dry with nitrogen gas, and then soaked in 2% w/v sodium

dodecyl sulfate (SDS) overnight until use. They were then
washed with isopropanol, Milli-Q water, blown dry with
nitrogen gas, and then exposed to UV-Ozone (ProCleaner
Plus, Bioforce Nanosciences) for 30 min. The coverslips were
then coated in a solution of 0.2 mg/mL Neutravidin for 20 min.
Finally, they were washed withMilli-Q water and blown dry with
N2. Immediately after the completion of the oleosome
preparation, 1 mL aliquots were pipetted onto the bottom of a
high walled washing container. The functionalized glass
coverslips were placed functionalized side down onto the top
of the oleosome aliquots and left for 5 min. The container was
then filled with high-salt buffer. While staying fully submerged,
the coverslips were mounted in Attofluor imaging chambers.
Once assembled, the chambers could be removed from the
washing container right side up to keep the oleosomes
submerged.
EpifluorescenceMicroscopy.To perform initial character-

ization of the effect of core composition on the synthetic
oleosome formation, they were imaged via epifluorescent
microscopy. Fluorescence images were acquired with a Nikon
Ti inverted microscope using a 100× objective with 1.49
numerical aperture. Fluorescence was excited with an Aura II
LED light engine (Lumencor), and images were collected with a
Hamamatsu Orca Flash 4.0 v2 sCMOS camera. The microscope
system was controlled with Nikon Elements software.
Fluorescent images were colored and analyzed in ImageJ. Line
scans were plotted in GraphPad Prism 10.
Confocal Microscopy. To study the extent of the ability of

the oleosomes to exclude or uptake chemicals based on the core
composition, confocal microscopy was used. Fluorescent images
were acquired with Nikon C2+ laser scanning confocal
microscope using a 60× objective with 1.4 numerical aperture.
Fluorescence was excited with a LU-N4 laser unit and detected
via PMT. The microscope system was controlled with Nikon
Elements software. Fluorescent images were colored and
analyzed in ImageJ. Line scans were plotted in GraphPad
Prism 10.
mCherry ExclusionMicroscopy.To study the exclusion of

mCherry for the synthetic oleosomes, NBD labeled oleosin was
used in the above steps. After the assembly of the imaging
chamber as described above, mCherry was added to achieve a
final concentration of 500 nM mCherry. The chamber was
incubated for 30 min and then imaged with confocal
microscopy. Fluorescent images were colored and analyzed in
ImageJ. Line scans were plotted in GraphPad Prism 10.
NBD-Glucose UptakeMicroscopy.To study the uptake of

NBD-Glucose, unlabeled oleosin was used. To visualize the edge
of the oleosomes, TR-DHPE was added during the initial
oleosome formation. The final molar ratio of lipids was 98/1/1%
(Egg PC/Biotin-PE/TR-DHPE). After the assembly of the
imaging chamber as described above, NBD-Glucose was added
to each chamber to achieve a final concentration of 100 μM
NBD-Glucose. The sample was incubated for 30 min and then
washed thoroughly with high-salt buffer. The sample was then
imaged with confocal microscopy. Using ImageJ, the average
interior intensity of the synthetic oleosomes were measured
using the circular ROI tool. For each image, an average
background intensity was also measured. Then, the difference
between the mean intensity of the synthetic oleosomes and the
mean intensity of the background was calculated and plotted in
GraphPad Prism 10. Data are reported as the average∓ standard
deviation for each percentage of CO. At least 40 synthetic
oleosomes were measured for each condition.
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