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The phenols hydroxytyrosol and tyrosol made abundantly available through olive oil processing were enzymat-
ically transesterified into effective lipophilic antioxidants with cuphea oil. The hydroxytyrosyl and tyrosyl esters
made from cuphea oil were assessed for their ability to partition into, locate within and effect the bilayer behavior
of 1,2-dioloeoylphosphatidylcholine liposomes and compared to their counterparts made from decanoic acid.
Partitioning into liposomes was on the same scale for both hydroxytyrosyl derivatives and both tyrosyl
derivatives. All were found to locate nearly at the same depth within the bilayer. Each was found to affect bilayer
behavior in a distinct manner.
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1. Introduction

Liposomes are nanoscaled bubbles that separate an internal solution
from an extravesicular one by a lipid bilayer where the hydrophilic head
group of the lipids forms the outside of the bilayer and the hydrophobic
chains form the inside of the bilayer [1]. Exploited for their ability to
encapsulate hydrophobic and hydrophilic material, liposomes have
been used in food industry to encapsulate bioactive materials such as
vitamins (antioxidants), peptides and antimicrobial molecules [2]. It
has been demonstrated that liposomes have the ability to provide
protection and enhancement to encapsulated material [3].

The antioxidant properties of tyrosol (2-(4-hydroxyphenyl)ethanol)
and hydroxytyrosol (2-(3,4-dihydroxyphenyl)ethanol) (Fig. 1a),

Abbreviations: HTyr, hydroxytyrosol; Tyr, tyrosol; DOPC, 1,2-dioleoyl-sn-glycero-
3-phosphocholine; 1,2-dioleoyl-sn-glycero-3-phospho(tempo)choline, TEMPO-PC;
1-palmitoyl-2-stearoyl-(5-doxyl)-sn-glycero-3-phosphocholine, 5DOXYL-PC; 1-
palmitoyl-2-stearoyl-(12-doxyl)-sn-glycero-3-phosphocholine, 12DOXYL-PC; HEPES,
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; MPL, multilamellar phospholipid
liposomes; Tyr-Cyo, tyrosol decanoate; HTyr-C;o, hydroxytyrosol decanoate; HTyr-
cupheate, hydroxytyrosol decanoate made from cuphea oil; Tyr-cupheate, tyrosol
decanoate made from cuphea oil
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natural phenols obtained from olive biomass, make both of them highly
desirable for use as preservatives in food and health applications [4,5].
Each can prevent undesired lipid oxidation at the cellular level based
on their basic antioxidant activities. Lipophilic modifications through
esterification of the primary alcohol group [6] have been made to both
tyrosol and hydroxytyrosol to enhance their bioavailability. Modification
with fatty acids of different lengths has proven not to diminish anti-
oxidant capabilities, which follows the “polar paradox hypothesis”
that indicates that the effectiveness of antioxidants in polar systems
improves for more hydrophobic analogs [7]. However, “cut-off
limits” to the “polar paradox hypothesis” have been demonstrated
for rosmarinic acid at Cg esters [8], chlorogenic acid at C;; [9], and
hydroxytyrosol at C;o [10], above which efficacy declines. Based on
the demonstrated maximized antioxidant ability of hydroxytyrosol
lipophilic derivatives at C;¢[10] and tyrosol at Cs—-Cy6[11], we previously
synthesized hydroxytyrosol and tyrosol Cyq esters from cuphea oil [12].
That work demonstrated not only that it was possible to efficiently syn-
thesize hydroxytyrosyl and tyrosyl lipid esters of optimal chain length
(Cy0) using a natural and readily renewable oil, but their antioxidant
properties within liposomes were comparable to the parent molecules
(hydroxytyrosol and tyrosol) and their Cyo esters synthesized from
decanoic acid. Some basic questions, however, about the behavior of
these hydroxytyrosol and tyrosol ester derivatives within liposomes
were not answered. Those questions concerned partitioning ability, loca-
tion within the bilayer and the ability to alter bilayer behavior in stability
and perturbation (fusion and/or rupture and phase transition), as these
attributes will influence their effectiveness in biological membranes


http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbamem.2015.02.002&domain=pdf
http://dx.doi.org/10.1016/j.bbamem.2015.02.002
mailto:Kervin.Evans@ars.usda.gov
http://dx.doi.org/10.1016/j.bbamem.2015.02.002
http://www.sciencedirect.com/science/journal/00052736

1176 K.O. Evans et al. / Biochimica et Biophysica Acta 1848 (2015) 1175-1182

and applications in food lipid matrices. The current work addresses these
questions using fluorescence methods to measure partitioning into and
location within 1,2-dioleoylphosphatidylcholine (DOPC; Fig. 1b) bilay-
ers, a suitable liposome system for studying antioxidant incorporation
[13,14]. This work also used quartz crystal microbalance with dissipation
monitoring to determine ability to change bilayer behavior.

2. Experimental section
2.1. Materials

The following items were purchased as listed: tyrosol (2-(4-
hydroxyphenyl)ethanol) (Tyr), (4-(2-hydroxyethyl)-1-piperazine-
ethanesulfonic acid (HEPES), sodium chloride, solvents (HPLC
grade; used without further purification), and decanoic acid were
all from Sigma-Aldrich Co; hydroxytyrosol (2-(3,4-dihydro-
xyphenyl)ethanol) (HTyr) was from TCI America (Portland, OR);
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-
glycero-3-phospho(tempo)choline (TEMPO-PC), 1-palmitoyl-2-
stearoyl-(5-doxyl)-sn-glycero-3-phosphocholine (5DOXYL-PC), and
1-palmitoyl-2-stearoyl-(12-doxyl)-sn-glycero-3-phosphocholine
(12DOXYL-PC) were all from Avanti Polar Lipids (Alabaster, AL);
cuphea oil (refined, bleached and deodorized from Cuphea
viscosissima x C. lanceolata germplasm line PSR 23), as previously
prepared [15].

2.2. Large liposomes

Liposomes were prepared as previously described [12]. Briefly, lipids
in their solvents were mixed to the appropriate ratio in an amber vial
and dried to a thin film under a gentle argon stream. HTyr and Tyr deriv-
atives were added to lipids at 5-mol% of total lipid concentration. The
dried lipids were rehydrated in the appropriate buffer and mixed peri-
odically to form multilamellar phospholipid liposomes (MPLs). The
MPLs were put through five freeze-thaw cycles and then extruded
through two stacked 100-nm filters inside a LiposoFast extruder
(Avestin, Ottawa, ON, Canada) to form extruded unilamellar liposomes
(EULs). Liposomes were used immediately.

2.3. Partitioning into liposomes

Fluorescence was used to measure partitioning into phospholipid
liposomes based on the Tyr and HTyr moieties' fluorescent signal that
increases in a hydrophobic environment versus an aqueous one [16].
HTyr and Tyr esters were added to vials to a final concentration of
40 uM. Liposomes containing DOPC only were made as described
above and diluted to the appropriate concentrations. Measurements
were done using a Fluorolog 3-21 steady-state fluorometer (Jobin
Yvon, Edison, NJ) equipped with a double-grating emission monochro-
mator. The partition coefficient Kp was calculated by fitting the fluores-
cence intensities at a fixed wavelength to the following equation:

0 = 1o+ Tnoe g7 o 1)
where I, was the initial fluorescence without EULs present; I;,.x Was the
maximal fluorescence increase upon full partitioning; L was the lipid
molar concentration; W was water's molar concentration; and Kp was
the molar fraction partition coefficient. Measurements were repeated
three to six times.

24. Liposomal bilayer depth
The depth a molecule resides within the phospholipid bilayer was

determined using parallax analysis. Parallax analysis is based on the
ability to quench the fluorescence of the molecule of interest with

phospholipids containing spin-labeling at various depths [17]. HTyr
and Tyr derivatives have fluorescence intensities each that are collision-
ally quenchable by nitroxide-labeled lipids. The nitroxide spin-labeled
phospholipids were TEMPO-PC, 5DOXYL-PC and 12DOXYL-PC
(Fig. 1b) which each had the nitroxide quencher located in the
headgroup region, at the Cs-position, and farther down the acyl chain
at the Cy,-position, respectively. Liposomes were made as described
earlier containing 15-mole% of a spin-labeled phospholipid and
5-mole% of ester. The buffer contained 10 mM HEPES, 100 mM
NaCl at pH 7.4.

The depth of fluorescent molecule within a bilayer was determined
from the difference in quenching by the nitroxide-labeled using the
following calculation [17,18]:

Zep = Ler + [— In(Fy /Fy) /nC—15| /2Ly 2)

where z.swas the calculated distance the fluorophores were from the
center of the membrane, F; was the normalized (with respect to lipo-
somes containing only HTyr or Tyr derivatives and no spin-labeled
phospholipids) emission fluorescence intensity in the presence of
TEMPO-PC the “shallow” quencher, F, was the normalized fluores-
cence intensity in the presence of 5DOXYL-PC or 12DOXYL-PC (the
“deep” quencher), L was the distance between TEMPO-PC and the
center of the bilayer, C was the concentration of quenchers per area
(mole fraction of nitroxide-labeled lipids/area of lipid), and L,; was
the difference in depth between quenchers. 70.1 A? per molecule
was the area assumed to be occupied by the phosphatidylcholine
lipids [19]; 19.5 A, 12.2 A, and 5.9 A were the distances from the bilayer
center assumed for the TEMPO-PC, 5DOXYL-PC, and 12DOXYL-PC,
respectively [20]. Data reported is the average of triple replicates.

2.5. Quartz crystal microbalance with dissipation (QCMD)

The QCMD technique provides information about adsorbed material
based on the fact that a resonating quartz crystal will exhibit frequency
shifts as mass binds to the surface [21]. The mass of any thin, rigid film
adsorbed onto the surface can be described by the Sauerbrey
equation [21]:

Am= — <%> AF, 3)
where C is the sensitivity constant for quartz (17.7 ng/cm?/Hz) at the
fundamental frequency, n is the overtone number (1, 3, 5, 7, etc.), and
AF is the frequency shift. The change in mass (Am) includes all matter
(trapped and adsorbed) coupled to the surface.

Liposome adsorption onto silicon oxide sensors was monitored
using a QCMD-E4 system (Q-Sense, Biolin Scientific, Stockholm,
Sweden). Frequencies (the fundamental and 6 overtones) were record-
ed during adsorption at 23 + 0.1 °C. Buffer was injected at 75 pl/min
across the sensors using a peristaltic pump (Ismatec IPC-N 4). Following
establishment of a stable signal from the buffer injection, liposomes at
100 puM were injected across the sensors. Buffer was once again injected
across the sensors after liposome adsorption or supported bilayer for-
mation concluded. Measurements were repeated at least twice.

3. Results and discussion

HTyr and Tyr are phytochemicals with known fluorescence proper-
ties [22]. Their fluorescence emissions showed an increase in intensity
and a spectral shift in organic solvents versus aqueous solutions (data
not shown). This increase in fluorescence signal and spectral shift
which occurred when HTyr and Tyr existed within a hydrophobic, less
polar environment versus a hydrophilic, more polar one was an indica-
tion that water quenched the fluorescence, likely through hydrogen
bonding [23]. This further suggested that partitioning of each
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Fig. 1. Molecular representation of (a) HTyr, Tyr and (b) DOPC, TEMPO-PC, 5-DOXYL-PC, and 12-DOXYL-PC (left to right; not to scale).

phytochemical in liposomes can be monitored via fluorescence [ 16]. The cupheate and Tyr-cupheate) was examined by titrating each derivative
affinity of the HTyr and Tyr derivatives synthesized from decanoic acid with DOPC liposomes. Fig. 2 shows the relative fluorescence intensity
(herein referred to as HTyr-C;o and Tyr-C;0) and cuphea oil (HTyr- (ratio of fluorescence intensities for each derivative at increasing
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Fig. 2. Tyr (A) and HTyr (B) derivatives' relative fluorescence in 10 mM HEPES, 100 mM
Nacl, pH 7.5 buffer as a function of DOPC liposomes. Relative fluorescence (1/1,) was
normalized in reference to the C;o derivatives with no liposomes present (I,). The black
filled circles (@) represent Tyr-Cyo, the red-filled triangles (a4 ) represent Tyr-cupheate, the
green-filled squares (m) represent HTyr-Cyo, and the yellow-filled diamonds (+ ) represent
HTyr-cupheate. Data displayed is the average of three to six replicates.

liposome concentration to that of derivatives with no liposomes—F/Fy)
increase of each derivative (Tyr derivatives in Fig. 2a; HTyr derivatives
in Fig. 2b) as they partition into DOPC liposomes. There was a 4- to
37-fold increase in the fluorescence signal of all derivatives, indicating
a greater affinity for lipid membrane (DOPC) over water. Most likely
the fluorescence increase was due to reduction of hydrogen bonding be-
tween the derivatives' phenol hydroxyl(s) group and water as the de-
rivatives partitioned into the liposomes. The fitting curve (solid line)
to the fluorescence increase in Fig. 2 resulted in slightly different
partitioning values (Table 1) for the Tyr-C;o and Tyr-cupheate and near-
ly the same for HTyr-C;o and HTyr-cupheate. This was interpreted that
both respective decanoic acid and cuphea oil derivatives of Tyr (HTyr)
had similar affinity for lipid membranes. Surprisingly, the HTyr deriva-
tives partitioned more readily than the Tyr derivatives (more specifical-
ly, each HTry derivative partitioned more readily than its Tyr
counterpart), perhaps because the dual phenyl hydroxyl groups created
a more amphiphilic molecule that more favorably partitioned across the
interface of the bilayer region.

The parallax method allows the determination of a fluorescent
molecule of interest's location (depth) within the bilayer through the
quenching efficiency of spin-labeled probes [17]. Fig. 3 depicts the

Table 1
Log P partitioning coefficient as determined from titration Tyr or
HTyr derivatives with DOPC liposomes.

Cyo derivative Measured Log P
Tyr Cyo 4.76
Tyr cupheate 443
HTyr Cio 5.05
HTyr cupheate 4.98
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Fig. 3. Representative normalized fluorescence of Tyr-C;o (A) and HTyr-Cy, (B) with and
without spin-labeled lipids. Normalization was done with respect to the peak wavelength
of each derivative incorporated into DOPC liposomes with no quencher present. The solid
line represents the spectrum of the derivative without quencher present; the dotted line is
the derivative with the TEMPO-PC quencher present; the dash/double dotted line is
the 5-DOXYL-PC quencher; the dash line is the 12-DOXYL-PC quencher. Spectra were
measured three times.

fluorescence spectra of the Tyr (Fig. 3A) and HTyr (Fig. 3B) derivatives
within DOPC liposomes quenched by spin-labeled phospholipids. The
all spin-labeled phospholipids showed the ability to quench the Tyr
and HTyr moiety of each derivative with the TEMPO-PC spin-labeled
lipid having the greatest quenching effect. Quenching displayed by
each spin-labeled lipid indicates that there were subpopulations of
each derivative residing at lower depths within the bilayer. Therefore,
calculation of depth within the bilayer will express an overall average
distance of all populations, which was ~20 A for HTyr-cupheate and
Tyr-cupheate, ~21 A for HTyr-Cyo, and ~22 A for Tyr-Cqo (Table 2)
from the bilayer center. This placed all the moieties well within the
aqueous interface of the bilayer. The fact that the Tyr and HTyr moieties
of the derivatives existed within the same region of a bilayer indicates
that their antioxidant differences previously demonstrated within lipo-
somes [12] were likely due less to their location within the bilayer and
more likely due to the two hydroxyl groups found in HTyr derivatives
versus only one in Tyr derivatives. It should be noted that maximum
emission wavelengths for Tyr-C;¢ and HTyr-C;o within liposomes (306
and 313 nm, respectively) are similar to the maximum emission
wavelength for the esters below their CMC in water (303 nm and
313 nm, respectively). This wavelength maximum difference was

Table 2
Calculated distance from the bilayer center of Tyr and HTyr moieties in each
derivative.

Cyp derivative Distance from bilayer center (A)

Tyr decanoate 215+ 03
Tyr cupheate 203+ 04
HTyr decanote 205+ 0.2
HTyr cupheate 203 + 5.0
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most probably caused by the difference in hydroxyl groups but does not
rule out any possible effects due the respective moieties residing at
slightly different regions which could provide different exposures to
water and the polar environment, resulting in different effects on the
spectra.

Incorporation of lipids, peptides, nanoparticles, and polymers has
been demonstrated to affect bilayer behavior in phase transition [24,
25], shape and structure [26], fusion in solution [27], and perturbation
and stability against fusion and rupture during surface adsorption
[25]. Changes in perturbation and stability against fusion and rupture
during surface adsorption were detectable using QCMD. Here,
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exploration of any effect that Tyr and HTyr derivatives have on pertur-
bation and stability bilayer behavior was conducted using QCMD. The
QCMD frequency and dissipation profiles for DOPC liposomes adsorbed
onto silica surfaces exhibited typical frequency shift that maximized be-
fore increasing and reaching a plateau near — 25 Hz. This was consistent
with liposomal adsorption until a critical surface coverage occurred [28,
29] and with liposomes rupturing to expel water just prior to the forma-
tion of a stable supported bilayer (Fig. 4A, solid line). Liposomes
containing 5-mole% HTyr-C;q also induced a negative frequency
shift that maximized, followed by an increase to a plateau. This too
was consistent with liposomes adsorbed to a critical concentration on
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Fig. 4. QCMD response during the adsorption onto silica of DOPC liposomes incorporating HTyr and Tyr derivatives at 5-mole%. (A) and (B) are the frequency and dissipative responses
(respectively) for DOPC (solid line), DOPC/HTyr-C10 (dotted line), and DOPC/Tyr-C10 (dashed line); (C) and (D) represent DOPC/HTyr-cupheate (solid line) and DOPC/Tyr-cupheate
(dotted line); (E) AD vs. AF plots for DOPC containing all derivatives (DOPC—solid red line; DOPC/HTyr-C10—dashed orange line; DOPC/Tyr-C10—dashed yellow line; DOPC/HTyr-
cupheate—dashed green line; DOPC/Tyr-cupheate—dotted blue line; insert displays the initial slopes of the plots—shown and calculated where adsorption began). Measurements were

repeated at least twice.
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silica before rupturing to expel their aqueous contents to form a sup-
ported bilayer at the same resting frequency and dissipation shifts as
DOPC (Fig. 4A and B, dotted line). The notable difference between
DOPC and DOPC/HTyr-C; liposome adsorption was DOPC/HTyr-Cyg li-
posomes required a longer time and slightly more liposomes to achieve
critical surface coverage; these liposomes also required a longer time to
expel their aqueous contents. The source of the longer rupture process
of DOPC/HTyr-Cyo versus DOPC liposomes may have several explana-
tions. First, there is the possibility that the size of DOPC/HTyr-C;o was
the source. DOPC/HTyr-Cyo were 111 4+ 0.5 nm in diameter versus
109 + 0.3 nm of DOPC and larger liposomes have been shown to alter
the activation energy for rupture on silica [30-32]. Secondly, HTry-
Co contains saturated C;o which may have raised the phase transi-
tion temperature in local areas within liposomes, resulting in an
overall reduced fluidity and slowed rupture kinetics [33]. Reduced
fluidity may also have resulted if the HTyr moiety increased packing
within the aqueous interface of the bilayer as demonstrated by lutein
in egg phosphatidylcholine [2].

The presence of 5-mole% Tyr-Cyo, on the other hand, resulted in a
greater negative frequency shift on the same time frame (~300 s)
displayed by HTyr-C;o liposomes to reach critical surface coverage.
The frequency shift then continued in a negative trend before stabilizing
after nearly 800 s into the measurement. This indicates that the
presence of Tyr-C10 reduced the interliposomal stress necessary for
liposomes to rupture and form a supported bilayer; instead, liposomes
adsorbed intact (Fig. 4A and B, dashed line). During the adsorption of
DOPC/Tyr-Cy liposomes, approximately 86% of the liposomes adsorbed
onto the surface and it required another ~500 s before the surface was
fully covered by additional liposomes. The dissipation shift for the
DOPC/Tyr-C;q liposomes also peaked after nearly 310 s and gradually
reduced to plateau at a lower value. This indicates that the supported
liposomes became slightly more rigid after adsorbing to the surface;
thus, this was interpreted as DOPC/Tyr-C;o liposomes crowding the
surface and becoming more tightly packed but not rupturing.

Incorporation of 5-mole% HTyr-cupheate into DOPC liposomes result-
ed in adecrease in the frequency shift for nearly the first 500 s followed by
a gradual increase in frequency shift (Fig. 4C, solid line). This is consistent
with liposome adhering to the surface and starting to expel some water to
deform but remaining unruptured. The dissipation shift reached two pla-
teaus (Fig. 4D, solid line), the first of which was achieved nearly 350 s
after introducing liposomes across the silica sensor; the second one
began after nearly 815 s, stabilizing at ~1525 s before starting a slight
downward trend after ~3245 s, indicating that liposomes “soften” mi-
nutes after adsorbing. Tyr-cupheate incorporated into DOPC liposomes
at 5-mole% resulted in a larger frequency shift that maximized after
~587 s (Fig. 4C, dotted line) which was a slightly longer adsorption pro-
cess than that for HTyr-cupheate liposomes. This was interpreted as
more Tyr-cupheate liposomes adsorbing onto the silica than HTyr-
cupheate liposomes since both HTyr- and Tyr-cupheate liposomes were
statistically the same size (116 4 4 nm and 118 £ 4 nm, respectively).
The frequency shift for Tyr-cupheate liposomes also increases after
1000 s, indicating that liposomes expelled some water to deform. The dis-
sipation shift (Fig. 4D, dotted line) had a single plateau with some undu-
lation which further suggests that liposomes deformed.

More detailed information about structural changes of adsorbed
material was discernible by plotting AD vs. AF which removes time
explicitly [34,35]. Shown in Fig. 4E are the pathways of adsorption for
all liposomes studied with the different HTyr and Tyr derivatives incor-
porated. Liposomes consisting of only DOPC (dark red line) displayed
the typical “cusp” shape during liposome adsorption on silica where
liposomes adsorbed to a maximum, rapidly fused (AD increased to a
maximum value simultaneously as AF decreased to a minimum) and
ruptured (AD reduced to a minimum as AF simultaneously increased
to a maximum value) to form a supported bilayer (Scheme 1a) [32].
DOPC/HTyr-Cy liposomes (dashed orange line) exhibited the same
“cusp” behavior but to a higher AD maximum and larger negative AF

value which indicates that more mass (liposomes) were adsorbed be-
fore fusion and rupture occurred for DOPC/HTyr-C liposomes. The
final result was that DOPC/HTyr-Cyq liposomes structurally formed a
similar supported bilayer as DOPC liposomes (evident by practically
the same final AF; Scheme 1a).

The other derivatives (Tyr-C,o, HTyr-cupheate, and Tyr-cupheate)
had markedly different effects on DOPC liposome structural rearrange-
ments. Liposomes containing these individual derivatives exhibited
nearly linear AD-AF plots (increasing AD, decreasing AF) for the bulk
of the adsorption process, which is the typical sign of single-stage ad-
sorption of intact liposomes onto a surface [32]. However, significantly
different structural rearrangements occurred for each. For instance,
the AD-AF plot for DOPC/Tyr-Cyq (dashed yellow line) remained linear
to a AD maximum of nearly 14 and a AF minimum nearly — 100 Hz be-
fore a small “cusp” formed. Indications here were that significantly
more DOPC/Tyr-C;q liposomes adsorbed than DOPC or DOPC/HTyr-Cyq
liposomes before rapid fusion onset. The “cusp” for DOPC/Tyr-C;q
liposomes then proceeded downward slightly, indicating that some
liposomes ruptured to form a supported bilayer. Finally, the “cusp” ex-
hibited a gradual decrease in AD to a value of 11 with a gradual decrease
of AF to ~— 129 Hz, suggesting that more liposomes deposited, de-
formed (mass loss from some expelled aqueous contents), and formed
a rigid supported liposomal layer (Scheme 1b).

DOPC/HTyr-cupheate liposomes exhibited a nearly linear AD-AF
plot until a frequency shift of ~— 60 Hz (dashed green line) and a
dissipation shift of ~9 before it started to curve downward slightly
ending near — 120 Hz and leveling at a AD value about 12. This was
interpreted as liposomes starting to slowly fuse without rupturing
as more liposomes continued to deposit. The AD-AF plot then re-
versed abruptly in AF, increasing while maintaining the AD value of
12. There was then a sudden vertical increase of AD to about 16
with a moderate increase in AF only to have AD finally leveled at
nearly 17 while AF decreased to ~—90 Hz. It was interpreted as a
small number of liposomes adsorbed and instantaneously expelled
water to form a supported bilayer. This in turn triggered some
liposomal rearrangement (possibly adsorption of deformed liposomes
or local swelling) resulting in a “softer” supported liposome film
where one or two liposomes began to release their contents at a time
(Scheme 1c).

DOPC/Tyr-cupheate liposomes (blue dotted line) displayed a similar
trend as DOPC/HTyr-cupheate liposomes with the following differ-
ences: 1) the plot appeared to maintain linearity longer, up to approxi-
mate AD and AF values of 11 and — 95 Hz, respectively, before starting a
downward curve ending near AD and AF values of 12 and — 140 Hz, re-
spectively; 2) the plot then circles back, increasing in AF from
~—140 Hz to ~— 130 Hz while having small fluctuations in AD near
11; and 3) finally, there was an abrupt increase in AD from ~11 to 14.
The interpretation here was DOPC/Tyr-cupheate required more
liposomes to deposit than DOPC/HTyr-cupheate before fusion started.
Liposome fusion then triggered rupture which itself triggered liposomal
rearrangement without further release of contents (similar to
Scheme 1c with subtle differences).

Finally, analysis of the initial slope of the AD-AF plots gave an indi-
cation of the strength of the liposome-surface interactions at the begin-
ning of adsorption where the more shallow the slope equates to
stronger liposome-surface interactions [32,36]. The insert in Fig. 4E
shows that liposome-surface interactions follow the order DOPC/Tyr-
cupheate > DOPC =~ DOPC/HTyr-Cy¢ =~ DOPC/Tyr-C;o > DOPC/HTyr-
cupheate, suggesting that liposome-surface interactions on silica were
more important in adsorption for the Tyr-cupheate liposomes than
the others.

Surprisingly, there was such markedly different adsorption, fusion
and rupture behavior of the DOPC liposomes doped with Tyr and HTyr
derivatives synthesized from decanoic acid and cuphea oil, especially
since derivatives from either decanoic acid and cuphea oil are structur-
ally the same (Fig. 5). A partial explanation may lie in the fact that HTyr
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Scheme 1. Illustration of the adsorption process onto silica for liposomes containing (A) DOPC and HTyr-Cyq, (B) Tyr-Cyo, and (C) HTyr-cupheate or Tyr-cupheate.

and Tyr have two slightly different predicted pKa values (unpublished
data) which may alter liposomal surface charge [37]. Presumably, the
different pKa values will induce different surface charges on the lipo-
somes which can make the difference in adsorption behavior as demon-
strated with liposomes doped with varying concentrations of an anionic
phospholipid [29,38]. There may be concern for lipid impurities remain-
ing in the stock derivatives from unreacted decanoic acid, or unreacted
Cg.0-Cyg.3 fatty acids and di-/triacylglycerides from cuphea oil. Previous-
ly C10-Cz3 hydrocarbons were shown to enhance fusion of phosphati-
dylcholine liposomes by reducing the free energy barrier of the
hydrophobic interstices [39-41]. Therefore, it is reasonable to expect
that such effects in DOPC liposomes adsorbing onto a surface would in-
duce an enhanced rate of rupture and result in faster rupture. This, how-
ever, was not the case in each system studied. Liposome fusion on silica,
instead, was slowed or limited which suggests that phenyl hydroxyl
groups exerted the greater influence in DOPC/HTyr-C;¢ and DOPC/Tyr-
Ci0 adsorption behavior than any impurities from Cg.o-C;g:3 fatty
acids. Di- and triacylglycerides, alternatively, can conceivably delay li-
posomal fusion because they can reside within the interstitial region
of a bilayer and increase bilayer width [42] which in turn could raise
the activation energy for rupture. This could explain, at least partially,
the similar slower fusion process for the cupheate liposomes. However,
this does not necessarily explain the loss of aqueous contents at the end
of the adsorption process displayed by DOPC/HTyr-cupheate liposomes
or the loss of contents seen for DOPC/Tyr-cupheate liposomes. It is prob-
able that the HTyr and Tyr moieties were contributing to these behav-
iors, similarly to DOPC/HTyr-C;o liposomes that exhibited greater loss
of aqueous contents than DOPC/Tyr-C; liposomes.

In conclusion, this work demonstrates that HTyr and Tyr esters enzy-
matically synthesized from cuphea oil and decanoic acid partitioned
and resided at the aqueous interface of phospholipid liposomes.
Partitioning was shown to be similar for both Tyr derivatives and both

HTyr derivatives, where HTyr derivatives partition slightly more their
Tyr counterparts. It was also demonstrated that there was a marked dif-
ference in bilayer behavior on a silica surface due to the Tyr and HTyr
moieties where HTyr led to more liposomes rupturing on the surface.
Both Tyr and HTyr derivatives have demonstrated the ability to reduce
or prevent liposome rupture on silica. The limited liposome rupture
on silica was presumably due to reduced membrane tension which is
a major contributing component to liposome fusion and rupture on a
surface [25], demonstrating the ability of the Tyr and HTyr esters to in-
crease the stability of liposomes. Increased stability of liposomes
equates to longer durability, longer shelf-life and longer circulation.

OH

Tyrosyl decanoate Hydroxytyrosyl decanoate

Fig. 5. Structures of tyrosyl and hydroxytyrosyl decanoates synthesized from cuphea oil or
decanoic acid.
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Considering the fact that Tyr and HTyr esters synthesized from cuphea
oil increased liposomal stability and demonstrated the potential to im-
prove the oxidative stability of sensitive fatty acids in food applications
further indicates that liposomes loaded with the cupheates can be
utilized in food industry.
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