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ABSTRACT: The irreversible formation of cholesterol mono-
hydrate crystals within biological membranes is the leading cause of
various diseases, including atherosclerosis. Understanding the
process of cholesterol crystallization is fundamentally important
and could also lead to the development of improved therapeutic
strategies. This has driven several studies investigating the effect of
the environmental parameters on the induction of cholesterol
crystallite growth and the structure of the cholesterol crystallites,
while the kinetics and mechanistic aspects of the crystallite
formation process within lipid membranes remain poorly understood. Herein, we fabricated cholesterol crystallites within a
supported lipid bilayer (SLB) by adsorbing a cholesterol-rich bicellar mixture onto a glass and silica surface and investigated the real-
time kinetics of cholesterol crystallite nucleation and growth using epifluorescence microscopy and quartz crystal microbalance with
dissipation (QCM-D) monitoring. Microscopic imaging showed the evolution of the morphology of cholesterol crystallites from
nanorod- and plate-shaped habits during the initial stage to mostly large, micron-sized three-dimensional (3D) plate-shaped
crystallites in the end, which was likened to Ostwald ripening. QCM-D kinetics revealed unique signal responses during the later
stage of the growth process, characterized by simultaneous positive frequency shifts, nonmonotonous energy dissipation shifts, and
significant overtone dependence. Based on the optically observed changes in crystallite morphology, we discussed the physical
background of these unique QCM-D signal responses and the mechanistic aspects of Ostwald ripening in this system. Together, our
findings revealed mechanistic details of the cholesterol crystallite growth kinetics, which may be useful in biointerfacial sensing and
bioanalytical applications.

■ INTRODUCTION

Cholesterol is an essential component of the cell lipid
membrane and contributes to membrane structure, perme-
ability, and mechanical properties.1−4 Although a high
cholesterol content within the membrane can be beneficial,
for example, in maintaining the function of human eye lens
fiber cells,5,6 excessive amounts of cholesterol in other organs
can cause the formation of three-dimensional (3D) cholesterol
monohydrate crystals that are associated with diseased states
such as gallstone formation,7,8 atherosclerosis,9,10 age-related
macular degeneration,11 and demyelinating diseases.12 This has
driven various studies in an effort to understand the biological
and physicochemical principles that guide cholesterol crystal
formation within the lipid membrane. Toward this objective,
model membranes that retain the lipid bilayer structure while
simplifying the overall system were developed and have been
instrumental in studying complex biological membrane
systems.13−16

Within this scope, the supported lipid bilayer (SLB) is a
highly useful model membrane system that can be studied
using a wide range of surface-sensitive measurement

techniques and also used in bioanalytical and sensing
applications.17,18 This can be achieved by tracking the change
of the cholesterol crystallites within the SLB during their
growth and any subsequent processes in a time-resolved
manner. Although several methods have been employed for the
fabrication of SLBs containing two-dimensional (2D) choles-
terol crystalline domains,19−21 a few of them have allowed for
time-resolved characterization of 3D cholesterol crystallite
growth within an SLB. One of them involved a three-phase
system of (i) cholesterol in chloroform, (ii) cyclodextrin and
cholesterol in water, and (iii) a cholesterol-rich SLB to
fabricate 3D cholesterol crystals.22,23 While this method allows
for visual observation of the crystallite morphology at certain
points in time, it is also desirable to characterize the evolution
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of cholesterol crystallites in real time using both imaging- and
surface-based analytical techniques.
To this end, we recently demonstrated a novel method to

fabricate 3D cholesterol crystallites in an SLB through the
adsorption of a cholesterol-rich bicellar mixture onto a glass
and silica surface.24 Using this approach, it was possible to
observe the formation of an SLB and subsequent cholesterol
crystallite growth in real time through epifluorescence
microscopy and a surface-sensitive measurement technique
like a quartz crystal microbalance with dissipation (QCM-D).
The real-time monitoring capabilities of this platform were
demonstrated by the observation of various transient
cholesterol crystal habits within the SLB and also by the
observation of the cholesterol crystallites’ response to cyclo-
dextrin molecules. Along this line, there remains an out-
standing need to improve our fundamental understanding of
how cholesterol crystallites nucleate and grow within an SLB
during adsorption of the bicellar mixture. While morphological
changes can be investigated by epifluorescence microscopy
imaging, a detailed analysis of the QCM-D measurement
kinetics can yield deeper mechanistic insights into the
cholesterol crystallite growth process that cannot be measured
through imaging alone. While other surface-sensitive measure-
ment techniques such as the optical-based nanoplasmonic
sensors have been employed to study lipid membrane-related
biointerfacial events on account of their shorter penetration
depth,25−28 the acoustic-based QCM-D technique is able to
provide additional information on hydrodynamic coupling,
which is especially relevant in investigating particulate
systems,29,30 in this case, cholesterol crystallites.
Herein, we investigated the adsorption behavior of a

cholesterol-rich bicellar mixture onto a glass or silica surface
including the formation of an SLB and the subsequent growth
and evolution of 3D cholesterol crystallites within the
membrane in real time. The bicellar mixture was fluorescently
labeled to visualize both phospholipid and cholesterol

molecules using epifluorescence microscopy and to track
changes in the morphology of cholesterol crystallites during
their growth, and the specifics of the observed Ostwald
ripening of cholesterol crystallites were further analyzed. The
first five QCM-D harmonics were recorded to characterize the
corresponding mass and viscoelasticity changes and the
underlying physics.

■ MATERIALS AND METHODS
Reagents. Chloroform-dissolved 1,2-dioleoyl-sn-glycero-3-phos-

phocholine (DOPC), 1,2-dihexanoyl-sn-glycero-3-phosphocholine
(DHPC), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(liss-
amine rhodamine B sulfonyl) (ammonium salt) (red, Rh-PE), 23-
(dipyrrometheneboron difluoride)-24-norcholesterol (green, BODI-
PY-Chol) lipids, and cholesterol powder were obtained from Avanti
Polar Lipids (Alabaster, AL). Rh-PE and BODIPY-Chol have
excitation/emission wavelengths of 560/583 and 495/507 nm,
respectively. All aqueous lipid sample solutions were prepared in a
10 mM Tris, 150 mM NaCl, pH 7.5 buffer solution prepared with
Milli-Q-treated water (resistivity of >18.2 MΩ·cm at 25 °C).

Sample Preparation. The bicellar mixture was prepared by
dissolving cholesterol powder in chloroform in glass vials followed by
mixing with DOPC phospholipids to yield a long-chain lipid mixture
with 80 mol % cholesterol. For fluorescence microscopy experiments,
appropriate amounts of lipids were added such that the resulting lipid
mixture contained 0.5 mol % Rh-PE with respect to DOPC amount
and 0.5 mol % BODIPY-Chol with respect to the cholesterol amount.
The chloroform was then evaporated under a gentle stream of
nitrogen gas to form a dry lipid film on the interior walls of the glass
vial. The vials were stored overnight in a vacuum desiccator to remove
residual traces of chloroform followed by hydration with an aqueous
buffer solution containing DHPC phospholipids to yield a lipid
suspension of 4 mM short-chain DHPC and 1 mM long-chain lipid
mixture (q-ratio 0.25). The lipid suspension was then subject to five
freeze−thaw−vortex cycles, as previously described.31 Each cycle
involves freezing by submersion in liquid nitrogen for 1 min, thawing
by submersion in a 60 °C water bath for 5 min, then 30 s of vortex
mixing. Prior to each experiment, an aliquot of the resulting stock
lipid suspension was diluted in the buffer solution to yield a sample of

Figure 1. Schematic illustration of cholesterol crystallite nucleation and growth within an SLB from the adsorption of cholesterol-rich bicellar
mixture onto a solid surface (disklike conventional bicelles are shown here as a cartoon). Long-chain phospholipids, cholesterol molecules, and
short-chain phospholipids are colored red, green, and light blue, respectively. The entire process can be classified into six steps. (I) Cholesterol-rich
bicellar mixture adsorbs onto a glass or silica surface. (II) Upon achieving a sufficiently high adsorption uptake, the bicelles rupture and fuse to form
a cholesterol-rich SLB. (III) Cholesterol crystallites begin to nucleate within the SLB. (IV) Cholesterol crystallites grow to form rod-shaped and
plate-shaped crystal habits. (V) Rod-shaped crystallites begin to dissolve as indicated by their size reduction, while plate-shaped crystallites continue
to grow. (VI) Equilibrium is reached, and large plate-shaped crystallites mostly remain.
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the bicellar mixture with a long-chain lipid concentration of 0.031
mM.
Epifluorescence Microscopy. Imaging experiments were con-

ducted using a Nikon Eclipse Ti-E inverted microscope with a 60×
oil-immersion objective (NA 1.49) and a mercury-fiber illuminator C-
HGFIE Intensilight (Nikon, Tokyo, Japan) excitation source. The
light was passed through an alternating dichroic filter block (Ex 480/
40, Em 535/50) or (Ex 545/30, Em 605/70) for imaging in the green
and red channels. An Andor iXon3 897 EMCCD camera was used to
obtain the images at 1 frame per 3 s. The experiments were conducted
within a flow-through, microfluidic chamber consisting of a
bottomless slide (sticky-Slide VI 0.4, ibidi GmbH, Martinsried,
Germany) mounted onto a glass coverslip, and liquid samples were
introduced at a flow rate of 100 μL/min, as controlled by a peristaltic
pump. All measurements were conducted at room temperature (∼25
°C).
Quartz Crystal Microbalance with Dissipation (QCM-D).

QCM-D experiments were conducted using a Q-Sense E4 instrument
(Biolin Scientific AB, Stockholm, Sweden) and silica-coated AT-cut
quartz crystal sensor chips with a fundamental frequency of 5 MHz
(QSX 303, Biolin Scientific). Prior to each experiment, the quartz
crystal sensor chips were sequentially rinsed with water and then
ethanol, followed by drying under a gentle stream of nitrogen gas and
then treated with oxygen plasma (PDC-002, Harrick Plasma, Ithaca,
NY) for 1 min. The temperature of the QCM-D chamber was
maintained at 25 °C. All solutions were added under continuous flow
conditions using a peristaltic pump (Reglo Digital, Ismatec,
Glattbrugg, Switzerland) with a flow rate of 100 μL/min. The
resonance frequency (Δf) and energy dissipation (ΔD) shifts were
recorded in real time at multiple odd overtones by the Q-Soft
software package (Biolin Scientific AB).

■ RESULTS AND DISCUSSION

Formation of Cholesterol Crystallites in an SLB. Our
methodology to fabricate cholesterol crystallites in a model
membrane is based on the well-established method of forming
SLBs via adsorption, rupture, and fusion of bicelles, which are
self-assembled disklike nanostructures.31−33 In the present
case, we prepared a lipid mixture consisting of long-chain (20
mol % DOPC and 80 mol % cholesterol) and short-chain
(DHPC) lipids. The concentration of short-chain lipids is 4
times that of the total long-chain lipid concentration (q-ratio
0.25). Crystal growth is driven by supersaturation, and indeed,
80 mol % cholesterol is above the solubility limit of cholesterol
in a phosphatidylcholine (PC) bilayer (∼66 mol %).34

Therefore, it is likely that this bicellar mixture contains not
only conventional bicelles but also various types of cholesterol-
associated lipid aggregates, possibly including tiny cholesterol
seed crystals.20 Indeed, previous dynamic light scattering
measurements revealed that the bicellar mixture possessed a
multimodal size distribution with peaks at around 50, 1000,
and 2000 nm.24

In our present experiments, the cholesterol-rich bicellar
mixture with a long-chain lipid concentration of 0.031 mM was
adsorbed onto a glass or silica surface (Figure 1). Upon
reaching a critical coverage, the adsorbed bicelles in the bicellar
mixture ruptured and fused, causing the highly soluble DHPC
lipids to escape into the bulk solution, thus forming an SLB.
Thereafter, the nucleation and eventual growth of three-
dimensional (3D) cholesterol crystallites were observed within

Figure 2. Time-lapsed images of the adsorption of 80 mol % cholesterol-containing bicellar mixture labeled with Rh-PE (red) and BODIPY-Chol
(green) dyes onto the glass surface and subsequent cholesterol crystallite growth were recorded by epifluorescence microscopy experiments. The
red and green channels are merged and presented together. The entire adsorption process was classified into the same steps I−VI as in Figure 1.
The bicellar mixture was added at t = 0 min. The scale bar is 20 μm.
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the SLB. We note here that nucleation could possibly occur in
two ways. In one way, the cholesterol seed crystals that were
formed in the solution phase within the bicellar mixture were
adsorbed onto the surface and then served as nucleation sites.
In another way, nucleation occurs on the surface from within
the SLB due to cholesterol supersaturation. In either case,
nucleation and growth are likely aided by the diffusion and
transport of cholesterol molecules within the SLB.
Epifluorescence Microscopy. Time-lapsed epifluores-

cence microscopy imaging allowed us to visually observe the
adsorption of the bicellar mixture containing 80 mol %
cholesterol onto a glass surface, which leads to the formation of
an SLB and subsequent spontaneous cholesterol crystallite
growth. The bicellar mixture was labeled with Rh-PE and
BODIPY-Chol dyes to allow for fluorescence imaging of the
DOPC and cholesterol molecules in red and green channels,
respectively. The sample was injected into a microfluidic
chamber, and the initial injection time was defined as t = 0
min. Images with merged red and green channels taken at
various time points during the experiment are presented in
Figure 2. Six distinct steps were identified based on the
obtained fluorescence micrographs: (I) the adsorption of the
cholesterol-rich bicellar mixture, (II) rupture of the bicelles
and SLB formation, (III) nucleation of cholesterol crystallites,
(IV) growth of 3D cholesterol crystallites with rod- and plate-
shaped morphologies, (V) dissolution of rod-shaped crystal-
lites and growth of plate-shaped crystallites, and finally (VI) a
majority of plate-shaped crystallites remaining nearly at the
equilibrium.
During the first 20 min after the initial injection, the

fluorescence intensity in both channels gradually increased,
indicating the adsorption of the bicellar mixture onto the glass
surface (step I). At around t = 23.3 min, the adsorbed bicellar
mixture reached critical coverage, ruptured, and formed a
cholesterol-rich SLB (step II). The onset of cholesterol
crystallite nucleation was observable by t = 24.5 min, as
indicated by the appearance of several micrometer-sized crystal
habits in the green channel with low and high aspect ratios
(step III). Indeed, cholesterol crystals can take on diverse
shapes,35 including plate- and rod-like morphologies, which
correspond to the energetically stable triclinic and less stable
monoclinic crystal structures, respectively.22,36−39 Accordingly,
we have termed the observed cholesterol crystallites with low
and high aspect ratios as plate-shaped and rod-shaped
crystallites, respectively.
After nucleation, the crystallites exhibited a steady increase

in size over time. Interestingly, the rod-shaped crystallites grew
to a maximum size at around t = 27.7 min (step IV), after
which they started to reduce in size, eventually leading to the
complete disappearance of many rod-shaped crystallites at t =
34.7 min (step V). On the other hand, the plate-shaped
crystallites continued to grow rapidly in size during this time.
These observations suggest the occurrence of an Ostwald
ripening effect, in which the rod-shaped crystallites dissolved
and cholesterol molecules likely redeposited onto the plate-
shaped crystallites.40 Although it has been proposed in the
literature that rod-shaped monoclinic cholesterol monohydrate
crystals that grow within lipid membranes transform into plate-
shaped triclinic crystals,23,36,37 this was not observed in our
experiments. By t = 43.0 min, the overall cholesterol
monohydrate crystal population largely consisted of plate-
shaped crystallites (step VI).

Ostwald Ripening. Cholesterol crystallization under
biologically relevant conditions has long attracted attention
(see, e.g., refs 22, 41−43). Also, many experimental and
theoretical studies have been focused on the formation and
Ostwald ripening of cholesterol rafts in lipid bilayers in the past
decade (see, e.g., refs 44, 45). The kinetic models used in the
former studies are, however, not well developed, whereas the
kinetic models employed in the latter studies are not directly
applicable to our case. In all of these models, cholesterol
crystallites are assumed to be of one type. In particular, the
former models usually describe the formation and growth of fat
(cholesterol) crystallites in terms of one-phase models, e.g., of
the Avrami−Kolmogorov−Johnson−Mehl or other types (refs
46, 47). In fact, such models are focused on the growth rather
than on Ostwald ripening of crystallites. To articulate the
specifics of the Ostwald ripening we observe, it is instructive to
recall the conventional scheme of this process. In general,
during Ostwald ripening, the growth of larger aggregates
occurs at the expense of smaller ones via detachment, diffusion,
and attachment of monomers. Usually, the phase state of
aggregates is the same, the concentration of monomers is close
to equilibrium, the evolution of a single aggregate is considered
to be controlled by diffusion of monomers, and the equation
for the aggregate size (radius) is represented as48

R
t

AD
R R R

d
d

1 1=
⟨ ⟩

−
i
k
jjjj

y
{
zzzz

(1)

where D is the monomer diffusion coefficient, ⟨R⟩ is the
average size of the aggregates, and A is a constant dependent
on the aggregate surface tension (to be specific, we refer to the
Lifshitz−Slyozov scenario of ripening in solution). The
evolution of ⟨R⟩ is asymptotically described by the power law

R R Bt( )n n
o

1/⟨ ⟩ = ⟨ ⟩ + (2)

where ⟨R⟩o is the initial ⟨R⟩ value and B and n are the
parameters dependent on the details of the kinetics. For the
Lifshitz−Slyozov scenario, the theory predicts n = 3. Another
important example is sintering supported metal nanoparticles,
where the process can be controlled by monomer attachment
to particles at the metal−support interface, namely, the
attachment itself (interface controlled regime) or diffusion of
monomers across the support (diffusion-controlled regime),
and n is predicted to be 3 or 4, respectively (see, e.g., ref 49
and references therein).
In our case, the initial steps (I−III) of phase transition

include the formation of two aggregate phases, including 3D
rod- and plate-shaped cholesterol crystallites. Ostwald ripening
takes place during steps IV and VI. In particular, the growth of
plate-shaped crystallites occurs at the expense of rod-shaped
crystallites because the latter are thermodynamically less stable.
To illustrate what may happen in this case, we consider that
the rod-shaped crystallites lose mass at their terminal sides at a
constant rate and, focusing on step IV, assume that the surface
concentrations of crystallites are, in this case, approximately
constant. In this scenario, the rate of the gain of mass by each
plate-shaped crystallite is constant as well, and the equation for
the effective size of these crystallites can be represented as

R
R
t

w4
d

d
2πρ⟨ ⟩ =

(3)

where ρ is the cholesterol density and w is the average mass-
supply rate (per crystallite) dependent on the mass-transport
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rate and the ratio of the concentrations of the rod- and plate-
shaped crystallites. If w is constant (as we assume), the
integration of eq 3 results in the power-law kinetics with n = 3
(as in the Liftshitz−Slyozov case). This generic analysis shows
that the Ostwald ripening kinetics can be apparently similar
despite quite different mechanistic details. Our experiments
allow us to clarify the mechanistic aspects of Ostwald ripening
in the case under consideration but, unfortunately, do not
allow us to fully quantify the growth of plate-shaped crystallites
and to determine n.
To clarify whether the mass transport along the surface is

sufficiently fast for the Ostwald ripening described above, it is
instructive to estimate the average length, l = (4Dt)1/2, of 2D
diffusion of cholesterol or lipids in an SLB (D is the diffusion
coefficient). According to our earlier study,24 the scale of D is
2.5 μm2/s. We may assume that both cholesterol and
phospholipid molecules in the SLB have similar diffusiv-
ities.50,51 With this value of D and the scale of t as 20 min, we
have l ≈ 110 μm. By contrast, the average distance between a
rod-shaped and plate-shaped crystallite appears to be within 20
μm. Based on these values, it appears that the mass transport
along the SLB surface is sufficiently rapid for Ostwald ripening.
Quartz Crystal Microbalance with Dissipation. To

analyze further the cholesterol crystallite growth process, we
next conducted QCM-D experiments at five different over-
tones (n = 3, 5, 7, 9, and 11) and monitored the adsorption
kinetics of the 80 mol % cholesterol bicellar mixture on silica
surfaces (Figure 3). In general, negative shifts in the resonance
frequency normalized to the corresponding overtone (Δf n/n)
correspond to an increase in the mass of an adsorbing species,
and positive energy dissipation shifts (ΔDn) correspond to an
increase in the viscoelastic character of the adsorbing species.
Both signal readouts are also sensitive to the hydrodynamically
coupled solvent surrounding the adsorbates. Concerning the
relation of the QCM-D kinetics to the patterns shown in
Figure 2, we note that the QCM-D measurement chamber
differs from the one used for epifluorescence microscopy and
that QCM-D measurements are ensemble-averaged. Hence,
although the results from the two experiments should not be
directly compared, their sequence of events can be broadly
associated. Based on the epifluorescence microscopy experi-
ments and the profiles of the QCM-D kinetics, we have

identified and defined the QCM-D data into stages 1−4 within
certain time periods, as illustrated by the yellow arrows in
Figure 3. Stages 1−4 of the QCM-D data can be associated
with steps I−VI from epifluorescence microscopy experiments.
Stages 1 and 2 (baseline and adsorption) correspond to step I,
stage 3 (rupture and crystallite nucleation) corresponds to
steps II and III, and stage 4 (3D crystallite growth)
corresponds to steps IV−VI. After establishing a stable
baseline signal in buffer solution (stage 1), we injected the
bicellar mixture at around t = 7 min (stage 2), following which
negative Δf n/n and positive ΔDn shifts were observed for all
overtones. During adsorption, Δf n/n and ΔDn values became
n-dependent and both yielded more positive values at higher
overtones, which is typically observed for the adsorption of
nonrigid films, such as a single layer of intact lipid vesicles.52,53

At around t = 22 min, the ΔDn kinetics showed a gentle
peak, reaching values of about 5.0 × 10−6, 6.5 × 10−6, 7.1 ×
10−6, 7.5 × 10−6, and 7.7 × 10−6 for n = 3, 5, 7, 9, and 11,
respectively, while the Δf n/n kinetics showed a continued
decrease, with values of about −104.3, −101.4, −98.2, −95.2,
and −91.9 Hz for n = 3, 5, 7, 9, and 11, respectively. These
kinetics can be compared to our previously reported
observations for the adsorption and rupture of the 60 mol %
cholesterol-containing bicellar mixture.54 We note that in the
60 mol % cholesterol case, a maximum ΔDn accompanied by a
minimum Δf n/n corresponds to the rupture and fusion of
bicelles in the bicellar mixture, which supports that a similar
case has happened for the 80 mol % cholesterol bicellar
mixture and that an SLB has been formed on the silica surface
(stage 3). However, the 80 mol % cholesterol case here shows
a continued negative shift in Δf n/n rather than a minimum,
which supports that the onset of cholesterol crystallite
nucleation and growth began immediately upon membrane
formation, likely from the cholesterol seed crystals in the
bicellar mixture as well as from nucleation within the
cholesterol-rich SLB. These kinetics also indicate that
crystallite nucleation and growth result in an overall increase
in the mass of the adlayer after SLB formation, which suggests
that additional cholesterol molecules required for cholesterol
crystallite growth are supplied, at least, in part, by the
adsorbing bicellar mixture from the bulk solution. At t = 28
min, ΔDn values decreased very slightly to 4.6 × 10−6, 5.9 ×

Figure 3. Δf n/n and ΔDn values from the 3rd to 11th overtone (n) from QCM-D measurements of the adsorption of the 80 mol % cholesterol-
containing bicellar mixture on a silica surface and subsequent cholesterol crystallite growth were recorded as a function of time. The entire
adsorption process was classified into four stages. (1) Baseline in the buffer solution. (2) Adsorption of the bicellar mixture onto the silica surface.
(3) Rupture of the bicelles and the onset of cholesterol crystallite nucleation. (4) Formation of 3D cholesterol crystallites. The stable baseline in the
buffer solution was first established followed by the introduction of the bicellar mixture into the measurement chamber at around t = 7 min. A
washing step with the buffer solution was then conducted at around t = 60 min.
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10−6, 6.5 × 10−6, 6.8 × 10−6, and 7.3 × 10−6 for n = 3, 5, 7, 9,
and 11, respectively, while Δf n/n reached a minimum with
values of −113.6, −110.6, −107.9, −105.6, and −103.6 Hz for
n = 3, 5, 7, 9, and 11, respectively. The decrease in Δf n/n
values indicates that the cholesterol crystallite nuclei have
grown to form small 3D crystallites, thereby contributing to the
increased mass of the adlayer. Shortly thereafter, positive shifts
in ΔDn values were observed for all overtones, with the lower
overtones reaching a larger magnitude than the higher
overtones. Δf n/n values also began to show positive shifts
and more pronounced n dependence. This kinetics suggests
the onset of 3D cholesterol crystallite growth (stage 4), which
follows after the rupture of the bicellar mixture, SLB formation,
and cholesterol crystallite nucleation. At around t = 45 min,
ΔDn displayed a second maximum while Δf n/n continued to
exhibit positive shift kinetics. This feature is consistent with the
next morphological change observed from epifluorescence
microscopy which is the Ostwald ripening effect where the rod-
shaped crystallites shrink and dissolve while plate-shaped
crystallites continue to grow. Both Δf n/n and ΔDn kinetics
level off toward the end, indicating that the system was
approaching equilibrium as growth of the plate-shaped
crystallites started to slow and the rod-shaped crystallites
were nearly completely dissolved.
To clarify the n-dependent QCM-D kinetics, it is instructive

to recall two limiting cases, allowing well-established analytical
descriptions.55 The first one involves the firm adsorption of a
nondeformable adsorbate on the surface of the QCM-D sensor
in vacuum or solution. In this case, the adsorbate contribution
to the dissipation is negligible, whereas the contribution to the
frequency shift is given by the Sauerbrey expression56

f Cnmn aΔ =− (4)

where ma is the adsorbate mass (per unit area) and C is the
mass sensitivity constant. The second case encompasses
situations when the QCM-D sensor interacts with the solvent
in the absence of an adsorbate. In the latter case, the

penetration length of QCM-induced oscillations, δn, (Figure 4)
and the solvent-related frequency and dissipation shifts are
described as
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where f F is the fundamental resonance frequency and ηs and ρs
are the solution viscosity and density, respectively. Qualita-
tively, |Δf n| increases, while ΔDn and δn decrease as a function
of n for a given system where the contribution of solvent
predominates.
In biologically relevant situations, the adsorbed species are

deformable and at appreciable coverage can usually be viewed
as a geometrically heterogeneous film including solvent
(water). In such situations, the adsorbate contribution to Δf n
can often still be estimated by eq 4. The contribution of the
solvent located above a film to Δf n and ΔDn can roughly be
estimated by eqs 6 and 7 as well, and the latter expressions are
in fact taken into account by associating the baseline signal
with that corresponding to the QCM-D sensor in solution. The
contribution of the solvent trapped inside a film to Δf n and
ΔDn depends on the ratio between δn and the length scale,
characterizing the space between adjacent adsorbed species,
and in general can hardly be accurately described theoretically,
especially in the cases of aggregates with sizes comparable with
δn. In principle, such heterogeneous films can be described by
employing the Voigt−Voinova model designed for homoge-
neous viscoelastic films,57 but in this case, the interpretation of

Figure 4. Comparison of the theoretically calculated QCM-D penetration length in water (δn) with the experimentally obtained |Δf n| and ΔDn
values (a) at t = 27 min (end of stage 3) when the SLB had formed and cholesterol crystallite nucleation had just begun and (c) at t = 65 min (end
of stage 4) when 3D cholesterol crystallites had fully formed as a function of n. Representative schematic illustrations on the relative extent of
solvent contribution (blue shaded areas) to the QCM-D signal response from cholesterol crystallites (green quadrilaterals) in the SLB (red band)
are shown in panels (b) and (d), which corresponds to the data in (a) and (c), respectively. Error bars in (a) and (c) represent standard deviations
from triplicate QCM-D measurements.
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the corresponding parameters is often not straightforward
because this model ignores system heterogeneity [such as the
time-dependent growth and shape evolution of the 3D
cholesterol crystallites (including Ostwald ripening) as we
have in our case]. One of the analytical approaches allowing
one to describe phenomenologically heterogeneous films in
terms of porosity is based on the use of Brinkman’s mean-field
1D equation for porous films.58 The porosity can, however,
hardly be accurately calculated in real biologically relevant
situations. There are also numerical calculations corresponding
to specific adsorbate geometries (see, e.g., ref 59 and references
therein). Such results are, however, not universal and
nowadays can hardly be used to describe the kinetics.
In our analysis of the present QCM-D results, we instead use

an approach based partly on eqs 4−7 and partly on earlier
experimental results obtained for relatively simple systems. We
note that during adsorption of the cholesterol-rich bicellar
mixture, rupture of the adsorbed cholesterol-rich aggregates
(e.g., bicelles), and crystallite nucleation (stages 2 and 3 in
Figure 3), the adsorbed overlayer can be considered to be close
to close-packed as evident from the weak dependence of Δf n/n
and ΔDn on n. Additionally, at the end of stage 3 (t = 27 min),
both |Δf n| and ΔDn increase with increasing n (Figure 4a). The
former is in agreement with eq 6, while the latter is opposite
compared to eq 7. Taken together, these trends support that
the contribution of the solvent to the observed QCM-D signal
readout at this stage is minor (Figure 4b). To estimate the film
thickness at the end of stage 3, we use |Δf n/n| = 105 Hz and
for comparison note that |Δf n/n| = 26 Hz for an SLB (see, e.g.,
ref 60). Furthermore, taking into account that the SLB
thickness is 4.5 nm, we can estimate the film thickness as lf ≈
4.5 × 105/26 ≈ 18 nm. While this thickness value at this stage
is much smaller compared with δn, it is larger than that of a
conventional SLB, which is consistent with the presence of
additional cholesterol-associated aggregates or cholesterol
crystallite nuclei within the SLB, which have average
characteristic sizes larger than the thickness of a bilayer (cf.
dynamic light scattering measurements in ref 24).
Beginning at around t = 30 min, the formation of 3D

cholesterol crystallites occurs and the dependence of both Δf n/
n and ΔDn on n is somewhat stronger (stage 4 in Figure 3).
With increasing time, |Δf n/n| decreases and ΔDn eventually
decreases as well. The former is observed from the beginning
of stage 4 and appears to be indicative of some loss of the
cholesterol mass. The latter can partly be related to the
increase and subsequent decrease in the amount of trapped
water with the growth and subsequent disappearance of the
rod-shaped crystallites and partly to the loss of the cholesterol
mass as well. At the end of stage 4 (t = 65 min), both |Δf n| and
ΔDn are in qualitative agreement with eqs 6 and 7 (Figure 4c).
This seems to mean that the role of the trapped solvent
becomes larger as expected when taking into account that in
this case the cholesterol crystallites are well separated (Figure
4d).
We also note here that our observed QCM-D results may be

reminiscent of an “elastic loading” regime, where specific
contact mechanics of large adsorbing species produces positive
Δf n/n.61−64 However, it is unlikely that this scenario can be
applicable in our present case as the size of the cholesterol
crystallites appreciably changes with increasing time, and thus,
the corresponding Δf n/n and ΔDn would be expected to
dramatically depend on time and n. The effects we observe
here are, however, comparatively very modest.

To estimate roughly the height of the cholesterol crystallites
in the end of stage 4, which are predominately plate-shaped at
this stage, we can consider that they occupy ∼10% of the
surface (based on ImageJ analysis of epifluorescence micro-
graphs) and the corresponding QCM-D |Δf n/n| is ∼70 Hz.
Then, by analogy with the estimate above, the plate-shaped
crystallite height is given by 4.5 × 70/26/0.1 ≈ 120 nm. It is of
interest that the latter value is comparable with δn. This means
that although the attenuation of the QCM-induced oscillations
in solution is not negligible in this case, its role is not dramatic.
Concerning the fraction of the surface covered by crystallites,
∼10%, and thickness, ∼120 nm, it is of interest to note that in
the case of SiO2 nanoparticles with a diameter of ∼140 nm65

and polystyrene latex nanoparticles with a diameter of ∼110
nm66 with comparable surface coverages, the scale of ΔDn is
comparable to that measured in our case. This is in favor of our
conclusion that the dissipation is related primarily to trapped
water (the internal dissipation is negligible in the SiO2 case).

■ CONCLUSIONS

In this study, we presented an analysis of the fabrication of an
SLB and the growth of 3D cholesterol crystallites from the
adsorption of the 80 mol % cholesterol bicellar mixture onto a
glass and silica surface and monitored in situ by epifluor-
escence microscopy and QCM-D experiments. Based on the
visual observations from epifluorescence microscopy experi-
ments, we classified the entire process into six steps: (I)
adsorption of the cholesterol-rich bicellar mixture, (II) rupture
of bicelles in the bicellar mixture leading to SLB formation,
(III) nucleation of the cholesterol crystallites, (IV) growth of
rod- and plate-shaped 3D cholesterol crystallites, (V) shrinking
and dissolution of rod-shaped crystallites, and finally (VI) a
nearly equilibrium state consisting mostly of plate-shaped
crystallites. The cholesterol crystallite nuclei grew into two
distinct micrometer-scale morphologies that possessed a high-
and a low-aspect-ratio crystal habit, termed as rod-shaped and
plate-shaped crystallites, which correspond to monoclinic and
triclinic crystal structures, respectively. Ostwald ripening
behavior was observed in steps IV−VI, whereby the rod-
shaped crystallites shrank, while the plate-shaped crystallites
grew and that showed apparent similarities with the Lifshitz−
Slyozov scenario of ripening in solution. Its qualitatively new
feature is that the aggregates of one phase grow at the expense
of the aggregates of the other phase. We classified the
associated QCM-D kinetics into four stages: (1) buffer
baseline, (2) adsorption of the bicellar mixture, (3) rupture
and crystallite nucleation, and (4) 3D crystallite growth. Based
on the n dependence of the QCM-D data, we scrutinized the
effect of the solvent trapped between the 3D cholesterol
crystallites. Our analysis based on the fundamental principles
of QCM-D interactions in solution as well as comparisons with
relatively simpler reference systems qualitatively supports our
observations.
Taken together, our findings revealed fundamental mecha-

nistic details of our methodology of fabricating cholesterol
crystallites within an SLB from the adsorption of the
cholesterol-rich bicellar mixture and provide the groundwork
for future studies to develop and optimize our methodology for
enhanced bioanalytical and clinical diagnostic applications in
the area under consideration.
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