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ABSTRACT: Caffeine is not only a widely consumed active
stimulant, but it is also a model molecule commonly used in
pharmaceutical sciences. In this work, by performing quartz—
crystal microbalance and neutron reflectometry experiments we
investigate the interaction of caffeine molecules with a model lipid
membrane. We determined that caffeine molecules are not able to
spontaneously partition from an aqueous environment, enriched in
caffeine, into a bilayer. Caffeine could be however included in
solid-supported lipid bilayers if present with lipids during self-
assembly. In this case, thanks to surface-sensitive techniques, we
determined that caffeine molecules are preferentially located in the
hydrophobic region of the membrane. These results are highly
relevant for the development of new drug delivery vectors, as well
as for a deeper understanding of the membrane permeation role of purine molecules.

B INTRODUCTION phosphatidylcholine-based lipids), the encapsulation efficiency
being very low’””*™** and caffeine being spontaneously
released from these lipid carriers. The use of excipients
increased the encapsulation efficiency and delayed the
spontaneous caffeine release. In addition to delivery via skin
permeation, whether used as an adjuvant or as a drug itself,
caffeine molecules have to cross cell membranes to be properly
delivered within the human body.

To our knowledge, despite these studies on the encapsula-
tion in liposomes, there are very few results in literature
providing a clear description of the mechanism of interaction
between caffeine and the lipid components of cell mem-
branes.””® The information becomes even more limited if we
consider investigations performed at molecular or atomic

Caffeine is an aromatic compound, usually found in coffee and
tea, which belongs to the class of purine molecules. As such, its
molecular structure consists of a flat heteroatomic bicyclic ring,
which brings hydrophobic properties and limited solubility in
water, although it can be increased by heating the solution." It
is known that purine systems are characterized by the vertical
stacking of their planar bases.” Hydrophobic association, the
interaction of amphiphilic systems mediated by water, which is
fundamental in many different phenomena,” is also at the
origin of caffeine vertical stacking.>® Using small-angle neutron
scattering and molecular dynamics simulations, it was shown
that in a 0.1 mol/kg solution of caffeine at room temperature,

individual caffeine molecules are in equilibrium with dimers 27,38 P 27
. 7 s ) . . length scales.”””® Paloncyova et al.”’ performed molecular
and trimers, mostly.” This natural coexistence is crucial for the

dynamics (MD) simulations and quantum--chemical calcu-
investigation of the interaction of purine bases in DNA,*” and yn ( . ) . and dq . .
. L. . . 10—12 lations combined with statistical thermodynamics (usmg
purine derivatives with other biomolecules, such as sugars, . 29 . o L
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. . . . free-energy profiles normal to the membrane surface. In the
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. . - I case of caffeine, the authors reported it can penetrate into a
large interest for making predictions for the pharmacokinetic ’ P P

roperties of new svnthetic purine drues.'S as mercaptopur model biomembrane from an aqueous environment and
prop T P TS, ) prop position below the phospholipid headgroup without protrud-
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molecules,'” especially of analgesics."*'” In pharmaceutical ing deeper into the hydrophobic portion of the bilayer. MD

sciences, caffeine is commonly used as a psychoactive drug,
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simulations showed that the adsorption of caffeine from an
aqueous environment into a bilayer is energetically favored. On
the other hand, the free-energy profile obtained with
COSMOmic was characterized by a minimum locating caffeine
molecules in the proximity of lipid headgroups but in an
aqueous environment.”” These two contradictory results might
be a signature of nonspecific interactions between caffeine and
a phospholipid membrane. These results might also support
the low encapsulation efficiency characteristic of pure lecithin
liposomes and their spontaneous tendency of releasing caffeine
molecules.””*>** All of the studies of encapsulation efficiency
were performed dissolving together caffeine and phospholipids
in organic solvents before the preparation of liposomes. Even if
the encapsulation efficiency resulted to be limited, between 3
and 9% of the total caffeine content resulted enclosed in the
bilayer part of the liposomes. After 2 and 12 h, this content
decreased by 23 and 57%, respectively.”” The remaining
caffeine molecules were found to be trapped within the lipid
bilayer for the explored timescales. Since these investigations
were performed to evaluate the efficiency of liposomal
formulations, the authors did not provide information on the
location of caffeine molecules within the bilayer. In the recent
work of Khondker et al,*® such a characterization was
performed experimentally by means of X-ray diffraction
(XRD) and computationally by means of MD simulations.
The samples consisted of highly oriented, multilamellar
membrane stacks obtained upon evaporation of a chloroform
solution in which 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline (POPC) phospholipids were dissolved together with
caffeine (3 mol % concentration). After their formation, the
samples were kept and measured in humid air. For this reason,
caffeine could not be released from the membrane stacks. MD
simulations were performed on a single bilayer system with a
lipid/caffeine ratio equal to that of the samples measured by
XRD. The authors described, at the molecular level, the
structural modifications induced by the presence of caffeine
molecules in POPC bilayers. Both XRD and MD simulations
located caffeine molecules at the level of the phosphate group,
thus confirming earlier predictions.”” Spontaneous partitioning
of caffeine into a POPC bilayer was observed only through
MD simulations since the samples for XRD were preloaded
with caffeine and not in contact with an aqueous environment.
The spontaneous, nonspecific, partitioning of caffeine into a
bilayer composed only of zwitterionic phospholipids is in
contradiction with the experimental evidence of spontaneous
release and low encapsulation efficiency of lecithin liposomes
in solution.

In this work, we are bridging this gap by measuring, in real-
time, the absence of partitioning of caffeine molecules from an
aqueous environment into a supported lipid bilayer (SLB) by
means of a quartz—crystal microbalance with dissipation
monitoring (QCM-D) and neutron reflectometry (NR)
techniques. The structure of SLBs preloaded with caffeine
was also characterized at the molecular level. Our results
describe a scenario in which caffeine cannot be readily
exchanged, in both directions, between a phospholipid SLB
and the aqueous environment. Because of their large
hydrophobic surface, caffeine molecules remain within the
hydrophobic portion of the bilayer, if premixed with
phospholipids before the self-assembly process. On the
contrary, despite their large hydrophobic surface, caffeine
molecules do not partition into a bilayer environment from a
water solution. This last experimental observation can be a

consequence of the self-stacking behavior typical of purine
systems in water that was not taken into account in previous
computer simulations, where only an individual caffeine
molecule was considered.

B METHODS

Materials. 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-
line (POPC) was purchased from Avanti Polar Lipids
(Alabaster). Caffeine and chloroform were purchased from
Sigma-Aldrich (Saint-Quentin Fallavier, France). For caffeine-
free samples, lipid stock solutions were prepared by dissolving
phospholipids in chloroform. Vesicles preloaded with caffeine
were prepared by dissolving 0.14 mg of caffeine together with
10 mg of phospholipids in chloroform leading to a caffeine
concentration of 5 mol %, a value similar to that used in other
studies.>*?® In both cases, chloroform was evaporated under a
nitrogen flow to form a dry film on the walls of a glass vial. Any
remaining chloroform was removed by placing the sample
under vacuum overnight. The films were treated with five
cycles of freezing in liquid nitrogen and thawing at 40 °C using
a water bath. The films were then rehydrated in either H,O
(Milli-Q_water) or D,O (Euroisotopes, France) to a final
concentration of 1 mg/ml. The vesicles were obtained by tip
sonication (Bandelin Sonopuls) for 30 min with 50%
maximum amplitude, with a 2 s pulse-on and 3 s pulse-off
sequence. This protocol allowed us to obtain a clear vesicle
suspension. The samples in which d;;,POPC (1-palmitoyl-d31-
2-oleoyl-sn-glycero-3-phosphocholine, purchased from Avanti
Polar Lipids) replaced POPC were prepared following the
same protocol.

Vesicle Fusion Protocol. For both QCM-D and NR
techniques, lipid bilayers were prepared by exploiting the
vesicle fusion method.”® The vesicle fusion protocol was
optimized by means of QCM-D experiments. Vesicle solutions
were injected into the sample cell and left to equilibrate for 10
min. A salt solution (500 mM NaCl) was then injected into the
cell to promote vesicle fusion via osmotic shock. This step was
necessary since a simple rinsing step with H,O did not
promote the formation of a SLB as shown in Figure 1. The cell
was finally rinsed by flowing H,O to remove any unbound
material.

Quartz—Crystal Microbalance with Dissipation Mon-
itoring. QCM-D measurements were performed to monitor
the interaction of free caffeine in solution with SLBs composed
of POPC deposited on the surface of the QCM-D sensors and
to optimize the vesicle fusion protocols for vesicles preloaded
with caffeine. All measurements were performed on an E4
apparatus (Q-Sense, Sweden) equipped with four thermally
insulated flow modules. Silicon dioxide coated quartz sensors
were used as supporting surfaces (Biolin Scientific, Sweden).
Prior to usage, they were cleaned in a 2% neutracon (Decon
Laboratories, U.K.) solution in a sonication bath, rinsed, dried,
and exposed to air plasma for 2 min (Harrick Plasma). SLBs
were deposited via vesicle fusion after the acquisition of a
stable (+0.5 Hz) baseline in water. During the entire duration
of the experiment, frequency and dissipation data were
acquired every 2 s. All measurements were replicated four
times to ensure reproducibility.

Caffeine-Free SLBs. Experiments on caffeine-free SLBs were
carried out by exposing SLBs to a 0.1 mol/kg caffeine solution
(0.1 mol/kg = 0.1 m is the solubility limit at 298 K’'). The
temperature was kept constant at 28 + 0.1 °C. After caffeine
injection, incubation was monitored by acquiring data for a
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minimum of 1 h and a maximum of 16 h. At the end of
incubation, the samples were rinsed by flowing H,O at 0.1
mL/min to compare the signals at the beginning and at the
end of the experiment.

SLBs Preloaded with Caffeine. Measurements on SLBs
preloaded with caffeine were performed fusing vesicles
containing caffeine onto the sensor surface. After the formation
of a SLB, the cell was rinsed by flowing H,O (0.1 mL/min) to
remove any unbound material. Frequency and dissipation
signals were acquired for 120 min recording data every 2 s.

QCM-D Data Analysis. Since all of the systems, at
equilibrium, were characterized by very small dissipation
values and by overlapping normalized frequency shifts, data
analysis was performed using the Sauerbrey equation (eq 1)
that relates a frequency shift AF to a change in adsorbed mass
Am.*>* In its simplified form, the Sauerbrey equation can be
written as

Am C » (1)
where C; is the mass sensitivity constant (C = 17.7 ng/(cm®
Hz) for a sensor having a S MHz fundamental frequency), n is
the overtone number, and AF, is the change in frequency of
the nth overtone. As a reference, for a high coverage
phospholipid bilayer, normalized frequency shifts are expected
to be nearly —25 Hz for a 5 MHz sensor.”*

Neutron Reflectometry. NR experiments were performed
using silicon single crystals as solid substrates (8 X S cm?
surface, 1.5 cm thick, cut along the 111 plane, polished with 3
A RMS roughness). They were cleaned by washing with
chloroform, acetone, and ethanol. Ultrasound was used to
improve the cleaning efficiency of the solvents. The substrates
were kept in each solvent for 15 min, rinsed with Milli-Q grade
water, and dried before being immersed in the next solvent. To
make the surfaces hydrophilic and to remove any remaining
trace of organic molecules, they were exposed to air plasma for
2 min. The substrates were then enclosed into solid/liquid cells
(provided by the Intitut Laue-Langevin, France). Cells,
prefilled with H,O, were equipped with inlet and outlet valves,
allowing the exchange of the water subphase (using a high-
performance liquid chromatography setup) and the manual
injection of vesicle and caffeine solutions.

NR measurements were performed on the D17 reflectom-
eter”” (Institut Laue-Langevin, France) in time-of-flight mode
using wavelengths from 2 to 20 A and two angular
configurations, & = 0.8 and 3.0°, covering a Q-range from
0.008 to 0.28 A™". Q indicates here the component of the
exchanged wave-vector along the direction normal to the
sample surface.”® Reflectivity curves, R(Q), were obtained from
the ratio between the intensity of the reflected (specular) and
incident neutron beams. R(Q) curves were measured for (i)
bare silicon substrates, (ii) SLBs without caffeine, (iii) SLBs
preloaded with caffeine, and (iv) pristine SLBs exposed to a
caffeine bulk solution. To increase the accuracy of the
modeling, reflectivity curves were collected by exposing the
samples to aqueous environments characterized by different
D,0/H,0 ratios. This method is known as contrast
variation.”” In particular, 100% D,0, 100% H,O, silicon-
matched water (SiMW, a 38:62 D,0/H,0 mixture by vol),
and four-matched water (4MW, a 66:34 D,0/H,O mixture by
vol) were used. The scattering length density (SLD) of SiIMW
equals the one of crystalline silicon (2.07 X 107 A™2) while
SLD is 6.35 X 107° A% for D,0, 4.0 X 107 A2 for 4MW, and

—0.56 X 107 A7 for H,0. As in the case of QCM-D
experiments, all measurements were performed at 28 °C. R(Q)
curves referring to the same sample and collected upon
contrast variation were analyzed simultaneously using the
Aurore software application.38

The result of NR data modeling is a set of scattering length
density profiles describing the distribution (or volume
fraction) of nuclei along the perpendicular direction with
respect to the supporting interface.””~* This information
relates to the distribution of chemical species in the sample.

Modeling of NR Data. NR data were modeled by
representing the SLD profile of a sample as a finite series of
slabs. By going from the silicon substrate to the water phase,
both described as infinitely thick media, the model included
slabs describing (i) the native silicon oxide layer, (ii) a water
gap between the oxide and the bilayer, (iii) inner headgroups,
(iv, v) two hydrophobic regions, and (vi) outer headgroups.
Each slab in the model was characterized by a group of four
parameters, namely, thickness, SLD of the dry components,
water volume fraction, and interfacial roughness. The latter
corresponds to the width of an error function curve. The NR
data for bare silicon substrates were analyzed, which included
only the crystalline silicon, the oxide layer, and the water
subphase in the model; the resulting parameters were then
kept fixed during the analysis of the samples deposited on top
of each individual substrate. The modeling of caffeine-free
SLBs was performed using molecular constraints linking the
parameters of the tail region to that of the headgroup. These
constraints include mass conservation and a link between
volume, thickness, and molecular area of the tail and
headgroup regions. A detailed description of these constraints
is given in the Supporting Information material (Section 1.1).
In the case of caffeine-containing SLBs, these molecular
constraints could not be applied because of the expected
modification of phospholipid packing and SLD values. In this
case, to keep the number of free parameters limited, the values
derived from the analysis of pristine POPC SLBs were used as
a starting point for the analysis under the hypothesis that
caffeine molecules would induce only a small perturbation to
the bilayer structure. From the set of parameters describing the
SLD profile, reflectivity was calculated using the Parratt
formalism** within the Aurore software application.”® The
R(Q) model curves were fitted against the experimental data to
obtain the best set of optimized parameters for each sample
and, in turn, the corresponding best SLD profiles. As already
mentioned, the reflectivity data collected in different contrasts
for the same sample were co-refined. Errors on parameters
were calculated using the MINOS routine, evaluating the
increase in the y* value caused by changes in the optimized
parameter values, provided by the MINUIT* package.

B RESULTS

SLBs Preloaded with Caffeine. To validate the possibility
of forming SLBs with very large surface coverage starting from
POPC vesicles containing caffeine, we first performed QCM-D
experiments (Figure 1). The AF/n values overlapping at —24
Hz are indicative of the formation of a good-quality SLB
mostly composed of POPC lipids.”* Moreover, upon extensive
rinsing, the frequency shifts remained stable, as shown in
Figure 1 (inset). The small change observed at t ~ 62 min
corresponds to the end of the rinsing step (when H,O flow was
stopped). The stability of the signal over such a long time
interval indicates that caffeine, if present, was not released from

https://doi.org/10.1021/acs.jpcb.1c04360
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Figure 1. Normalized frequency shifts AF/n (overtones from 3 to 11)
as a function of time measured during and after the formation of a
SLB from POPC vesicles preloaded with caffeine. The first rinsing,
performed in H,0O, did not facilitate vesicle fusion while the osmotic
shock resulted to be more efficient. The SLB was formed at t = 12.5
min. Rinsing by flowing H,O at 0.1 mL/min was then performed until
t = 62.5 min. The perfect overlap of all of the overtones indicates the
formation of a rigid thin film and therefore the validity of the
Sauerbrey equation. Using eq 1, Am resulted in 1.36 ng/cm* A zoom
of the curve for the long-term behavior is given in the inset.

the SLB. However, since the normalized frequencies did not
differ enough from those of a pure POPC SLB and the
concentration of caffeine in the vesicles could be lower than
the nominal one,””***® it was not possible to measure the
lipid/caffeine ratio in the SLBs.

To determine quantitatively the lipid/caffeine ratio in the
SLBs, NR experiments were performed. In Figure 2, the NR
data for a sample composed only of POPC and one composed
of POPC and caffeine are compared. This comparison clearly
reveals that the presence of caffeine altered the overall bilayer
organization. To avoid visual artifacts induced by the features

1 0_7 T T T T
® POPCinH,0
o POPCinD,O
® POPC+CAF in H,0
& POPC+CAF in D,O
10—8 L ]
o
© Q
u}

RQ* (A%

10°F f }$ J

10-10 . 1 . 1 . 1 . 1
0.00 0.05 0.10 0.15 0.20
QA"

Figure 2. NR data for a POPC SLB (black symbols) and for a SLB
formed from vesicles preloaded with caffeine (S mol %, gray symbols).
Open symbols: data in D,0O; solid symbols: data in H,O.

of the silicon oxide layer, these two data sets were collected on
the same exact solid substrate. Therefore, differences
originated only from the presence of caffeine. The caffeine-
containing sample was characterized by a lower reflectivity, in
the mid-Q-range, for both D,0 and H,O contrasts, indicating
a change in composition. In the presence of caffeine, the main
minimum in R(Q) Q* is located at a larger Q value for the D,O
contrast, indicating a lower total bilayer thickness. To better
interpret these changes, all NR data were analyzed assuming a
multilayer model commonly used for SLBs***® based on a
bilayer divided into two leaflets, which, in turn, are split into
hydrophilic (headgroup) and hydrophobic (tails) regions.
Through the modeling, the thickness and composition of these
regions were determined in terms of the SLD profiles. The NR
curves for a pristine POPC bilayer and for a bilayer deposited
from vesicles prepared in the presence of 5 mol % of caffeine
are shown in Figure 3 (a and c, respectively). These curves
were measured in D,O and H,O for the POPC bilayer while
two additional contrasts’® were used for the caffeine-
containing sample (namely, 4MW and SiMW). The NR
data, fits, and SLD profiles for d;; POPC SLBs, measured in the
same conditions, are shown in the Supporting Information
(Figure S1). The modeling of pristine SLBs returned
parameters in full agreement with those already published by
us’” and other groups.**”>' The full list of the structural
parameters is given in Table 1. It is worth mentioning that at T
= 28 °C, typical SLD values for the main components are 1.79
for the PC headgroups, —0.29 for the PO tails, and 3.3 for a
caffeine molecule (all in 107 A=2 units). The SLD values for
phospholipids were calculated by assuming a lipid volume of
1256 + 1 A3 a dry headgroup volume of 332 + 2 A% and, in
turn, a volume of 923 + 6 A? for the PO tails."®>* The SLD
value for caffeine was calculated assuming a molecular volume
of 194 A3 These values do not account for the contribution
of hydration water. For SLBs preloaded with caffeine, the SLD
values obtained for the different regions indicated that caffeine
molecules are located in the hydrophobic portion of the
bilayer. In fact, the SLD value of the tails increased from —0.29
X 1076 to —0.25 X 107¢ A% in the presence of caffeine, while
the SLD value of the headgroup region remained unchanged.
From the parameters reported in Table 1, the caffeine relative
concentration in the SLB resulted to be 5.1 & 0.5 mol % (18—
19 lipid molecules per caffeine molecule), which is exactly the
original concentration used to prepare this sample. The
corresponding volume fraction of caffeine is 1.0 + 0.1% of
the volume of the hydrophobic SLB core or, alternatively, 0.8%
of the total SLB volume. Alternative models, in which caffeine
molecules were located in different regions of the SLBs or even
absent, are discussed in Section 1.3 of the Supporting
Information material. For samples composed of partially
deuterated lipids, no changes in the tail region SLD were
observed. This was expected since partially deuterated tails are
characterized by a SLD value of 3.16 X 107 A™2, which is very
close to that of caffeine that was therefore contrast matched
(i.e., invisible). Despite this lack of signal, these measurements
ruled out the possibility to find caffeine molecules in the
headgroup region, confirming the results obtained on protiated
species. All measurements reveal a modification in the
organization of the headgroups in the presence of caffeine;
the amount of hydration water present in this hydrophilic
region increased for all of the samples but remained negligible
for the hydrophobic region. The total bilayer thickness

decreased upon incorporation of caffeine, being dy = 43.6 +
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Figure 3. (a) NR curves (symbols) for a POPC SLB in D,0 (red) and in H,O (blue). Solid lines represent the best model obtained by a global fit
using the parameters reported in Table 1. (b) SLD profiles corresponding to the model fits reported in panel (a) (D,O (red) and H,O (blue)). (c)
NR curves (symbols) for the SLB containing POPC and caffeine (at S mol %) in D,O (red), 4 MW (light red), SiMW (light blue), and H,0
(blue). Solid lines represent the best model obtained by a global fit using the parameters reported in Table 1. (d) SLD profiles corresponding to the
model fits reported in panel (c) (D,0O (red), 4 MW (light red), SIMW (light blue), and H,O (blue)).

Table 1. Structural Parameters Obtained from the Modeling
of NR Data Collected on Protiated POPC Lipids (with and
without Caffeine) Shown in Figure 3“"

parameters POPC POPC + CAF (5 mol %)
ty (A) 6.8 +0.2 53+£02
tc (A) 15.0 + 0.2 144 + 0.4
py (X 107 A72) 1.79 1.8 +£0.1
pe (X 107° A72) —-0.29 —0.25 + 0.05
fu (0:1) 0.18 + 0.1 0.26 + 0.08
fc (0:1) 0 0.00 + 0.01
o (A) 42+ 03 57 £ 04

“For all samples, the two leaflets shared a common set of parameters
(bilayers symmetric with respect to the center of the hydrophobic
region). Parameters without error were kept fixed during the analysis.
Yow ty, and fu = SLD, thickness and water volume fraction of the
headgroup regions; p¢, tc, and fc = SLD, thickness and water volume
fraction of the tail regions; ¢ = interfacial roughness, common to all
of the interfaces in the model; accuracy on py and p¢ for POPC are,
respectively, +0.001 and +0.002 in X 107® A™2 units as determined by
the accuracy on the molecular volume values.****

0.8 A for the POPC bilayer and 39 + 1 A for the preloaded
SLB (see Table 1; dy = 2(t + tc)). From the inspection of the
structural parameters, this change in thickness originated from
both hydrophilic and hydrophobic regions of the bilayer. This
change is visible in Figure S3 in the Supporting Information,
where SLD profiles for the POPC SLB and for the POPC +
CAF SLB are displayed together.

Caffeine-Free SLBs. To determine if spontaneous
partitioning of caffeine molecules from the aqueous solution
into a bilayer environment can take place, we investigated a
POPC bilayer exposed to a 0.1 mol/kg caffeine solution (0.1
mol/kg is the solubility limit at 298 K°"). Figure 4 shows the
QCM-D data for this experiment. When the caffeine solution
was present in the sample cell, all of the frequencies decreased
and split. Caffeine incubation, in stopped-flow conditions, was
monitored for 100 min as well as for 16 h. In both cases, all
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Figure 4. Normalized frequency shifts AF/n (overtones from 3 to 13)
as a function of time measured during (I) the formation of a SLB, (II)
100 min incubation with 0.1 mol/kg caffeine solution, (III) rinsing
with H,O, (IV) 16 h incubation with 0.1 mol/kg caffeine solution,
and (V) final rinsing with H,O.

frequencies went back to their original value upon rinsing. This
behavior could be indicative of a transient nonspecific
interaction between caffeine and POPC, but it is more likely
to be a signature of a change in the viscosity of the solution
due to the presence of caffeine at high concentrations. The
same experiment was repeated using NR to determine if any
process of adsorption or adhesion occurred. For this purpose, a
POPC SLB was characterized in D,O and H,O before the
incubation with caffeine. It was then exposed to a 0.1 mol/kg
solution of caffeine in D,0O. During the incubation, time-
resolved measurements were performed acquiring the NR data
every S min for a total duration of 1 h. These measurements
were performed on a restricted Q-range (Figure S2) and using
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an instrumental configuration that is described elsewhere.* At
the end of the incubation period, the system was characterized,
on the full Q-range, in D,O before rinsing, and then in D,0
and SiMW after rinsing. In all of the steps (see Figure S2), no
changes were observed, supporting the conclusion that
frequency variations in QCM-D data were induced by a
viscosity change and not by caffeine adsorption/adhesion.
Even more importantly, these data clearly show that
spontaneous partitioning of caffeine from solution to a bilayer
environment is not likely to occur.

B DISCUSSION

In earlier studies, the interaction of caffeine and lipid bilayers
was mainly investigated with a focus on the encapsulation
efficiency of liposome-based formulations without providing
information, at the molecular level, on the positioning of the
encapsulated caffeine molecules with respect to the bilayer.
This question was addressed first by computer simulations”’
and more recently by a combination of computer simulations
and experiments.”® Numerical simulations found an affinity for
the caffeine molecules to the headgroup-tail boundary region,
i.e., the position occupied by the carbonyl-glycerol in a POPC
bilayer.>* This positioning was further confirmed by experi-
ments performed by means of XRD on multi-bilayer stacks in a
humid environment. Computational methods also showed a
tendency of caffeine molecules to partition spontaneously from
a water solution into a bilayer structure.”® Our experiments,
performed on single phospholipid bilayers in contact with an
aqueous environment indicated that caffeine can only be
present in a SLB if dissolved together with phospholipids, in an
organic solvent, prior to the formation of the bilayer. By
putting in contact an SLB with a caffeine solution at a
concentration very close to the caffeine solubility limit, no
partitioning of caffeine was observed by NR nor QCM-D for
time intervals spanning over 16 h. Therefore, our findings
support the idea that caffeine affinity for a bilayer environment
is lower than that for an aqueous environment. This
experimental observation might be related to the previous
findings on caffeine self-stacking in solution.”” Caffeine
partitioning was predicted from simulations in which a single
caffeine molecule was present, a condition neglecting the
influence of caffeine stacking on the nonspecific interactions
with a lipid membrane. It is worth remarking that caffeine
stacking was observed both computationally and experimen-
tally for the concentration used in the present work and that
such a phenomenon could contribute to the change in viscosity
observed in QCM-D experiments. A higher affinity of caffeine
for the water solution can also explain the low encapsulation
efficiency reported for liposomes in earlier studies.””**~**
Caffeine-containing SLBs were prepared from lipid films
formed in the presence of caffeine. NR experiments identified
the average position of caffeine molecules as in the hydro-
phobic portion of the bilayer. This conclusion was further
supported by an additional analysis of NR data involving the
use of a component group description similar to that
previously published by some of us.”> The individual volume
fraction contributions of headgroups, tails, and caffeine
molecules were described by distributions composed by two
symmetric error function profiles connected by a central step
function of variable width. Within the bilayer regions, lipid,
caffeine, and water contributions sum up to one by
definition.”> The corresponding SLD profile can then be
obtained by the sum of the individual volume fraction profiles

once multiplied by the nominal SLD value of the
corresponding molecular groups. This modeling approach is
independent of the slab model used to determine the
parameters shown in Table 1, and it was used solely to
visualize the location of caffeine molecules as shown in Figure
S, where the volume fraction distribution of caffeine molecules

1.0 B

0.5 1

volume fraction

Z-Z, (A)

Figure S. Volume fraction profiles of the organic components
reconstructed from independent modeling of the NR data performed
using a component group representation. The z-axis was shifted to
center the profile of the bilayer at z — z_ = 0. Solid lines indicate the
volume fraction distributions of the phospholipid molecules (black:
acyl chains; blue: headgroups) while the red areas indicate the
distribution of caffeine molecules.

is plotted against those of the hydrophobic and hydrophilic
portions of the bilayer. This comparison provides evidence that
caffeine is located entirely within the acyl chains region. In the
presence of caffeine, we also observed a small decrease in total
bilayer thickness, probably originating from the modified
packing of phospholipid molecules. These findings are in
contradiction with the conclusion derived by Khondker and
co-workers*® from XRD experiments and MD simulations. It is
worth mentioning that the systems investigated in the two
cases were not exactly equivalent despite their very similar
compositions. Khondker and co-workers investigated a solid-
supported multilamellar stack consisting of approximately 3000
highly oriented bilayers. The sample was then measured
against a humid environment at a maximum relative humidity
of 93%. In the present work, the samples consisted of a single
solid-supported bilayer immersed in water. These differences
in experimental conditions might therefore explain the
different locations of caffeine and the modification of lipid
packing. Single SLBs are usually characterized by a larger
mobility than that of a bilayer in a stack. In addition, bilayer
stacks are usually prepared by evaporation of an organic
solvent,”® and therefore the systems are very poorly hydrated
during self-assembly. More importantly, molecular trafficking
and exchange between the bilayer and the surrounding
aqueous environment is enabled, while it is hindered in
multilamellar bilayer stacks. This gives to SLBs a larger
possibility of a molecular reorganization in response to the
structural perturbation induced by the presence of caffeine
molecules. Such a reorganization might allow caffeine
molecules to migrate deeper into the hydrophobic portion of
the bilayer. It is also possible that such a rearrangement took
place already within the vesicles before the formation of the
SLB. In agreement with the results already published in the
literature,” our analysis clearly indicate an increase in
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hydration of the headgroup region for the samples containing
caffeine. This was confirmed for all of the samples despite their
isotopic composition. This increase can be explained assuming
that caffeine molecules are inserted with their longer axis (disk-
like shape, ~10 A long) parallel to the acyl chains, promoting
an increase in the average area per molecule, of the headgroup
hydration and a decrease of the total bilayer thickness. Despite
the low caffeine volume fraction and the relatively small
perturbations caused to the pristine SLB structure, all of the
models tested indicate the above-described scenario as the
most likely. In particular, they indicated that the differences in
reflectivity visible in Figure 2 originated from an increase of the
tail SLD values in all contrast conditions. This observation is in
line with the presence of caffeine in the hydrophobic region of
the bilayer and rules out other scenarios as described in the
Supporting Information material (Section 1.3).

Bl CONCLUSIONS

We investigated the interaction occurring between caffeine and
a single supported lipid bilayer in the fluid phase composed by
POPC. By combining quartz—crystal microbalance and
neutron reflectometry techniques, we determined that, if
originally present, caffeine molecules lay parallel to the acyl
chains in the hydrophobic region of a bilayer. Because of the
inclusion of caffeine molecules, the volume available for each
phospholipid molecule increases, and this leads in turn to a
larger headgroup hydration and a decrease in the total bilayer
thickness. If added to a water solution, even at a concentration
very close to the solubility limit, caffeine molecules do not
partition into a bilayer environment. This is in line with earlier
reports on the low encapsulation of caffeine in lip-
osomes.”””*™** Overall, these findings provide a novel point
of view to improve the delivery of caffeine via membrane
permeation and for its use in drug formulations and dietary
supplements.
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