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Solid-supported lipid membranes are popular models that connect biological and artificial

materials used in bio-technological applications. Controlling the lipid organization and

the related functions of these model systems entails understanding and characterizing

their phase behavior. Quartz crystal microbalance with dissipation monitoring (QCM-D)

is an acoustic-based surface-sensitive technique which is widely used in bio-interfacial

science of solid-supported lipid membranes. Its sensitivity to mass and energy

dissipation changes at the solid-lipid layer-liquid interface allows the detection of phase

transformations of solid-supported membrane geometries. In this perspective, we

highlight this valuable feature and its related methodology, review current advances and

briefly discuss future perspectives. Furthermore, a specific example is also provided on

the ability of QCM-D to detect changes in lipid organization of cholesterol containing

solid-supported lipid vesicle layers (SVLs) upon the addition of aspirin.

Keywords: QCM-D, model mebranes, phase transitions biological condensed matter, viscoelastic properties,

biointerfaces

INTRODUCTION

Fundamental knowledge about membrane phases and their related structure and organization is
crucial, since they are the physical frontier between the inner and outer parts of the cell. Many
processes such as cellular adhesion or membrane fusion are controlled by the nature of the phases
within cell membranes (Singer and Nicholson, 1972; Brown and London, 1998a,b; Simons and
Vaz, 2004; Engelman, 2005). The main constituents of biological membranes are lipid bilayers with
embedded proteins that add specific functionality to the cell membrane. Any given cell membrane
consists of more than 100 different lipid species (Yeagle, 2005). The complexity of biological
membranes makes simpler lipid bilayer structures useful model systems to study the membrane
physico-chemical properties as well as interactions with other relevant biomolecules (Pokorny et al.,
2006; Peetla et al., 2009; Kato et al., 2010; Brender et al., 2012).

In an aqueous environment, lipid molecules self-assemble by an entropy driven process into
bilayer sheets, constituting the building blocks of biological membranes (Marsh, 2012). Their
amphiphilic nature confers lipids a rich thermotropic and lyotropic phase behavior, characterized
by their lateral organization, their molecular ordering and themobility of the lipidmolecules within
the bilayer (Blicher et al., 2009; Eeman and Deleu, 2010; Hirst et al., 2011; Marsh, 2012). When
temperature is the driving field of the transition, several mesophases can be encountered, and their
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existence and location in the phase diagram depend on the
nature of the polar head group and on the length and degree
of saturation of the alkyl chains. Lipid thermodynamics has
been the subject of intense experimental and theoretical research,
in an effort to link phase behavior and lateral organization
of membranes to cell function mechanisms (Heimburg, 1998;
Tristam-Nagle and Nagle, 2004; Almeida et al., 2005; Mouritsen,
2010). The literature on phase transitions of free standing lipid
systems is vast, being mostly carried out using state-of-the-
art characterization techniques such as differential scanning
calorimetry (DSC) (Lewis et al., 1996; Heimburg, 1998; Ebel et al.,
2001), nuclear magnetic resonance (NMR) (Watts and Spooner,
1991; Purusottam et al., 2015) X-ray scattering (Sun et al., 1994;
Tristam-Nagle et al., 2002), and fluorescence microscopy (Zhao
et al., 2007; Hirst et al., 2013).

The advent of nanotechnology raised the interest in different
lipid geometries, like solid-supported bilayers (SLBs), supported
layers of vesicles (SVLs) and supported lipid monolayers
(SLMs). Solid-supported lipid membranes play an essential
role in the development of sensor platforms, lipid bilayer-
enveloped nanodevices and protocells (Yee et al., 2004; Castellana
and Cremer, 2006; Liu et al., 2009; Kang et al., 2018). The
latter are especially important for the future development and
applications of lipid-functionalized nanoparticles for cancer and
photodynamic therapy (Ashley et al., 2011; Rahman et al.,
2014). The presence of the solid surface is believed to affect the
organization of lipid membranes, specifically the phase behavior
of SLBs. Upon the main phase transition, the substrate restricts
lipid motion and decreases the energy difference between the two
lipid phases (gel and disordered) as compared to free standing
lipid films (Mangiarotti and Wilke, 2015). Phase behavior of
solid-supported lipid membranes has been studied by several
methods like fluorescence microscopy (Lin et al., 2006), atomic
force microscopy (Attwood et al., 2013; Takahashi et al., 2016),
and ellipsometry (Szmodis et al., 2010). Understanding the
influence of the solid substrate on lipid film phases is essential
for the design of lipid-functionalized multifunctional platforms.
For instance, the influence of substrate topography onmembrane
organization is a practically unexplored issue limited to very few
studies (see, for instance, Hoopes et al., 2011; Losada-Pérez et al.,
2018).

In this context, quartz crystal microbalance with dissipation
monitoring (QCM-D) has recently emerged and is steadily
growing as a versatile technique to detect and characterize the
phase behavior of different solid-supported lipid membrane
geometries. In this perspective we will discuss the methodology
and its usefulness, revise the current advances and provide a
specific example of its use for more complex systems.

QCM-D AND LIPID MEMBRANE PHASE
BEHAVIOR

When an AC voltage is applied onto an AT-cut quartz crystal
sandwiched between two electrodes, a mechanical deformation
is induced and the crystal vibrates in thickness-shear mode.
The shear waves will propagate as evanescent waves on the

upper sensor surface and decay across the boundary between
the crystal and the medium (air or liquid) (Johannsmann, 2015).
The penetration depth δ of a 5 MHz shear wave in water is
δ ∼ 250 nm, rendering QCM-D surface-specific. Commercial
QCM-D instruments measure both frequency and dissipation
shifts, 1f and 1D, of the quartz crystal upon the presence of an
additional layer. Dissipation occurs when the driving voltage to
the crystal is shut off and the energy from the oscillating crystal
dissipates from the system. The energy dissipation of the sensor’s
oscillation is defined as D= Elost/2πEstored, the ratio between the
dissipated energy during one vibration cycle and the total kinetic
and potential energy of the crystal at that moment. Combined
frequency and dissipation measurements make this technique
very suitable for gravimetric and viscoelastic characterization of
thin (nano/meso-scale) films. Excellent reviews on the working
principle and data analysis can be found in Dixon (2008),
Reviakine et al. (2011), Johannsmann (2015). In the last decade,
QCM-D has been successfully used in biotechnology and
environmental science as a tool for investigating the structure and
mechanics of soft and solvated interfaces (Dixon, 2008; Kanazawa
and Cho, 2009; Campos et al., 2015), as well as hydrodynamic
phenomena in non-uniform nanostructured surfaces (Shpigel
et al., 2018). It has been particularly relevant in the field of lipid
biophysics, as a useful technique to understand the kinetics of
formation of supported lipid bilayers (Keller and Kasemo, 1998;
Richter et al., 2003; Cho et al., 2010; Lind and Cárdenas, 2016),
and their interactions with relevant biomolecules (Mechler et al.,
2007; Michanek et al., 2010; Nielsen and Otzen, 2013).

A recent application of QCM-D is detecting phase transitions
within supported lipid layers of different geometries, namely,
SLBs and SVLs. This feature is especially advantageous in since it
does not require the use of labels, long temperature equilibration
times or a large amount of sample. In liquid-mode, both 1f
and 1D vary with temperature following the viscosity and
density temperature dependence of the liquid medium. Upon
a first-order phase transition in the adsorbed lipid layer, both
1f and 1D differ from their regular temperature dependence.
The shape of the frequency and dissipation shift curves and
their respective temperature derivatives are reminiscent of the
enthalpy jump and its heat capacity derivative typically obtained
from calorimetric measurements. Thus, extrema in the first-
order derivative of frequency and dissipation curves stand
as a token of the layer phase transitions. This approach is
convenient since it does not require referencemeasurements with
bare surfaces and enables an easy determination of the phase
transition temperatures. A recent work by Reviakine and co-
workers provides a comprehensive view of the mechanisms by
which QCM-D detects lipid phase transitions and the related
relative contribution of thickness, stiffness and hydrodynamic
channels to the phase transition 1f and 1D signatures (Peschel
et al., 2016). Upon heating lipid bilayers in both SVLs and SLBs
change from a thicker and stiffer gel phase to a thinner and
less stiff liquid disordered one (see Figure 1A). In the case of
thin and stiff SLBs the dominant mechanisms by which QCM-D
detects the transition are related to the change in thickness and
changes in the viscoelastic properties of the SLBs. In thicker
and softer SVLs, additional hydrodynamic effects related to
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FIGURE 1 | (A) Schematic of changes in SVLs upon the main phase transition (B) temperature dependence of the frequency shift d(1f/9)/dT (black solid line) and its

first-order derivative (blue solid line) of a DPPC SVL upon heating at 0.2◦C/min. (C) Hysteresis observed between heating and cooling runs at the same rate. (D)

Overtone dependence of d(1f/n)/dT and (E) overtone dependence of d1D/dT.

changes in the geometry of adsorbed vesicles enter at play. As a
consequence, the size of the maximum in SVLs is several orders
of magnitude larger than the one observed in SLBs. Figure 1B
displays the temperature dependence frequency shift for a
SVL at the main transition of dipamitoylphosphatidylcholine
(DPPC), a well-known lung surfactant, upon heating at a
rate of 0.2◦C/min. DPPC melting is reversible upon cooling
and a typical hysteretic behavior characteristic of first-order
phase transitions is observed (see Figure 1C). Figures 1D,E

show how the transition parameters in SVLs (peak maximum
corresponding to the transition temperature, and peak width)
are nearly overtone-independent for frequency and dissipation
derivatives. In turn, in SLBs the transition parameters are
overtone dependent due to a stronger opposing effect between
stiffness and thickness contributions, as compared to SVLs,

where this competition is counterbalanced by hydrodynamic
dissipation changes (see for instance, Peschel et al., 2016).

Recent Advances in Lipid Phase Behavior
by QCM-D
The use of QCM-D as a technique to monitor phase transitions
in biomimetic lipid layers was initially proposed by Ohlsson
et al. (2011). The authors measured frequency and dissipation
shifts at different overtones for supported vesicle layers of
ditricosanoylglycerophosphocholine (DTPC) while performing
heating and cooling cycles. The frequency and dissipation
signatures were later fitted to a Voigt-based viscoelastic model
(Voinova et al., 1999) extracting effective viscosity and thickness
of the vesicle layers. Reversible anomalous changes in effective
viscosity and thickness were observed for SVLs at around
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the expected main phase transition temperature. In contrast,
bare reference surfaces exposed to the same buffer display a
linear temperature dependence owing to linear frequency and
dissipation coefficient of the sensor and the regular temperature
dependence of the density and viscosity of the buffer. Upon
heating, the transition from a high to a low-viscosity state agrees
with the gel to liquid disordered phase transition. Interestingly,
the authors carried out a systematic study to explore the influence
of the substrate by changing the liquid medium conditions
(addition of divalent ions and pH change). They concluded that,
despite small shifts in transition temperature and layer thickness
were observed upon a change of liquid medium conditions, SVLs
transitions are predominantly determined by the part of the
membrane that is not in contact with the solid substrate. The
Voigt-based model approach was later applied to monitor the
main phase transition for SVLs of DPPC on gold (Losada-Pérez
et al., 2014) and to map phase diagrams of SVLs containing
mixtures of phospholipids with different alkyl chains DPPC,
DMPC and DSPC (Losada-Pérez et al., 2015b) showing a very
good agreement with previous calorimetric measurements of
free-standing lipid vesicles (Mabrey and Sturtevant, 1976; Fidorra
et al., 2009). However, caution should be taken when analyzing
the phase behavior of non-fully continuous supported lipid
layers using a Voigt-based model, since this model assumes the
presence of a homogeneous viscoelastic film (Johannsmaan et al.,
2009).

QCM-D was later applied to study the phase transitions
of SLBs and SVLs following the derivative approach described
in the previous section. Wagernau and Tufenkji proposed
the frequency derivative to detect the main transition in
SLBs of pure phospholipids (Wargenau and Tufenkji, 2014),
showing clear peaks d(1f /n)/dT at the main phase transition
of DMPC. Pramanik et al. applied this approach to SVLs
containing negatively charged phospholipids exposed to aqueous
buffers of different ionic strength, showing that the main
transition temperature increases with increasing NaCl salt
concentration. In addition, the authors found that QCM-D is
sensitive to an additional transition arising from long time
annealing at low temperatures of negatively charged SVLs of
dimyristoylphosphatidylserine (DMPS) (Pramanik et al., 2016).
The additional transition appears at low temperatures between
the highly-ordered lamellar crystalline (Lc) and the lamellar gel
(Lβ) phases, as previously observed for free-standing systems
by calorimetric and FT-IR measurements (Lewis and McElhany,
2000). Hasan et al. extended the study to phase transitions
in binary mixtures of phospholipids DMPC and DPPC for
both SLBs and SVLs. Their results revealed that even for such
a small alkyl chain difference (two ethyl groups), coexisting
nanodomains (DPPC-rich, DMPC-rich, and rich in the lipid
mixture) could be still detected in SLBs (Hasan and Mechler,
2017). An interesting testing ground of lipid phase transitions
are mixtures of phospholipids with cholesterol, that exhibit an
intermediate phase, the liquid ordered phase, whose existence
plays an essential role for the formulation of the so-called lipid
raft hypothesis (Simons and Ikonen, 1997; Mouritsen, 2010).
Mixtures of DMPC with cholesterol were studied using both
SLBs and SVLs, revealing the presence of cholesterol-rich and

cholesterol-poor domains at low cholesterol concentrations. In
both lipid geometries the gradual change in shape and size of
the derivative peaks upon increasing cholesterol concentration
reflected a loss of cooperativity, indicating the formation of a
homogeneous liquid-ordered phase. For SLBs themain transition
is suppressed over 10% cholesterol content in pure DI water
(Hasan and Mechler, 2015), while for SVLs the main transition
was still observed at 20% cholesterol content in HEPES buffer
(Losada-Pérez et al., 2015a). Such large difference in cholesterol
concentration threshold for main transition suppression between
SLBs and SVLs reflects the strong influence of the presence of
ions on the phase transition behavior of lipid membranes and the
influence of supported lipid layer geometry.

The study of supported membranes phase behavior by QCM-
D was also recently employed to evaluate disruption of SLBs
and SVLs using the phase transition temperature as an indicator
of the extent of membrane interactions with peptides or drugs.
Specifically, a model toxicity study of imidazolium-based ionic
liquids, considered as environmentally friendly organic solvents,
was carried out for a SVL of DMPC. QCM-D revealed that
interactions with a model SVL are mainly driven by the
hydrophobic components of the ionic liquid, the longer the
hydrophobic chain, the larger the decrease in phase transition
temperature and larger membrane disorder by weakening
phospholipid chain interactions (Losada Pérez et al., 2016).
Another useful application of QCM-D phase transition studies
is the screening of model anesthetics, such as ethanol. By
exposing supported SLBs and SVLs of DMPC to increasing
ethanol concentration, a gradual decrease in the main transition
temperature and transition cooperativity is observed, making
the derivative approach a straightforward method for biosensing
purposes (Peschel et al., 2016).

EFFECT OF ASPIRIN IN THE
PHASE BEHAVIOR OF
CHOLESTEROL-CONTAINING
PHOSPHOLIPIDS

Membrane fluidity has implications in biological processes by
allowing diffusion of small molecules and lateral diffusion of
proteins. Fluidity also controls membrane mechanical properties
and thus the ability to form pores. Cholesterol is a well-
known membrane fluidity regulator and has the ability to
control the lateral organization of membranes, providing
mechanical strength by increasing membrane stiffness. At
high concentrations, cholesterol partitions unevenly within
the hydrophobic core of phospholipid bilayers, leading to
cholesterol-rich domains (Barrett et al., 2013). At very high
concentrations (>40%) immiscible cholesterol bilayers can form,
acting as a risk factor for high blood pressure and hypertension
(Alsop et al., 2014). Conversely, aspirin counteracts cholesterol’s
condensing effect, inhibiting the formation of cholesterol rich-
domains by residing in the head group region (Barrett et al.,
2012; Alsop et al., 2014). A recent calorimetric and diffraction
study has shown that aspirin inhibits the formation of the liquid
ordered phase in free-standing multilamellar vesicles of DPPC
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containing a high cholesterol concentration (Alsop et al., 2015).
Here we show that this effect is also observed by QCM-D for
solid-supported SVLs containing a similar amount of cholesterol.
DPPC and cholesterol were purchased from Avanti Polar Lipids
(Alabaster, AL) and aspirin (ASA) (O-Acetylsalicylic acid, 99%)
fromAlfa Aesar (Thermo Fischer Scientific). Spectroscopic grade
chloroform (assay 99.3% stabilized with about 0.6% ethanol)
was obtained from Analar (Normapur). HEPES buffer (pH 7.4)
consisting of 10mM HEPES from Fisher Scientific (assay 99%)
and 150mM NaCl from Sigma-Aldrich (assay ≥99.5%) was
used for hydration of the dried lipids. The quantities of lipids
to reach the desired mixture concentrations were determined
gravimetrically using a Sartorius balance yielding a maximal
mole fraction uncertainty of ± 0.002. Vesicle Preparation. The
lipid or lipid mixture was first dissolved in spectroscopic grade
chloroform and the solvent was then evaporated under a mild
flow of nitrogen in a round bottomed flask. The resulting
lipid film was kept under vacuum overnight to remove residual
solvent. Then, the lipid was hydrated with HEPES buffer and
in the case of DPPC:chol mixture with buffer containing 6mM
aspirin. Hydration to 1 mg/mL was carried out under continuous
stirring in a temperature controlled water bath at 60◦C. Small
unilamellar vesicles (SUVs) were formed by extrusion through
a filter support (Avanti Polar Lipids) with a pore size of 100 nm
for 25 times. Vesicle effective sizes and polydispersities were
determined by dynamic light scattering (Zeta Pals, Brookhaven
Instruments Corporation). The obtained average diameter was
∼150± 40 nm. QCM-D experiments were performed as follows.
First, a baseline with pure HEPES buffer was established at
16◦C and afterwards lipid vesicles were injected over the sensor

chip with a flow rate of 50 µL/min. After 20min the pump
was switched off. Subsequent temperature scans with alternating
heating and cooling were performed at a rate of 0.2◦C/min,
maintaining 60min of stabilization between successive ramps.
Although not shown here, vesicle adsorption onto gold-coated
quartz crystals yielded similar 1f and dissipation values (1f /9
∼ −300Hz and 1D ∼ 50) for all DPPC, DPPC+32.5 mol%
cholesterol hydrated with buffer and DPPC + 32.5 mol%
cholesterol hydrated in buffer containing 6mM aspirin systems.
Figure 2A displays the temperature dependence of d(1f /n)/dT
(9th overtone) for SVLs supported on a gold-coated quartz
substrate, consisting of pure DPPC and DPPC + 32.5 mol%
cholesterol with and without 6mM aspirin. DPPC SVLs display
a large maximum in d(1f /n)/dT as a signature of the main
phase transition at Tm ∼ 41.5◦C. This temperature agrees well
with previous differential scanning calorimetric measurements of
multilamellar DPPC vesicle dispersions (Tm ∼ 41.6◦C) (Benesch
et al., 2011; Redondo-Morata et al., 2012). This temperature
is slightly lower than the observed for planar supported lipid
bilayers using AFM and ellipsometry (Leonenko et al., 2004;
Redondo-Morata et al., 2012; González-Henríquez et al., 2017),
since the presence of the solid surfaces induces a stronger
decoupling between the two lipid leaflets during melting, as
compared to 3-D supported vesicle layers and multilamellar
vesicle dispersions. In SVLs containing 32.5% mole fraction of
cholesterol no transition is detectable, indicating the presence
of a homogeneous liquid ordered phase, in agreement with
previous calorimetric measurements of multilamellar DPPC +

chol vesicles (Mannock et al., 2010). The addition of 6mM
aspirin to systems of DPPC + 32.5% cholesterol leads to the

FIGURE 2 | (A) Schematic of a SVL (not to scale) on a Au-coated quartz crystal including the temperature profiles upon the first heating run of d(1f/9)/dT and

d1D/dT for SVLs of pure DPPC, DPPC + 32.5% cholesterol and DPPC + 32.5% cholesterol with 6mM aspirin. (B) Overtone dependence of d(1f/n)/dT for DPPC +

32.5% cholesterol with 6mM aspirin SVL at the phase transition. (C) d(1f/n)/dT response upon successive heating and cooling runs for SVL of DPPC + 32.5%

cholesterol with 6mM aspirin.
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appearance of a new transition (small peak). The peak is broader
than that taking place the main transition of DPPC, indicating
that the transition is less cooperative, and takes place at a
higher temperature. Figure 2B shows the transition peak upon
heating for the overtones measured. The transition parameters
(temperature and peak width) are nearly overtone independent,
as observed for SVLs of DPPC in previous works using QCM-D
(Peschel et al., 2016). Subsequent heating and cooling runs show
that the transition is reversible and takes place within the same
temperature range considering the hysteresis between heating
and cooling (see Figure 2C).

CONCLUSION

We highlight a simple approach for the detection of phase
transitions in lipid membranes adsorbed to solid substrates
using QCM-D. The mechanisms behind the detection of
phase transitions rely on changes in film thickness and
viscoelastic properties, which translate in changes in frequency
and dissipation shifts. This allows the detection of phase
transformations in very thin 2D-SLBs and 3D-SVLs. For the
latter, the phase transition signatures are more evident in
supported vesicle layers, owing to additional hydrodynamic
effect arising from changes in their geometry. Although quite
recent, this QCM-D feature has proven useful in detecting
phase transitions in pure phospholipids and in mapping phase
diagrams in binary phospholipid mixtures. Changes in the

phase behavior of phospholipid membranes monitored by
QCM-D have been also used to evaluate model membrane
interactions with peptides, ionic liquids and model anesthetics,
relevant in membrane toxicity and biosensing studies. As shown
in this perspective, QCM-D is capable of detecting subtle
changes in membrane organization induced by the addition

of aspirin on cholesterol containing phospholipid membranes.
There is plenty of room in fundamental biointerfacial science

to apply the methodology described. For instance, exploring

the existence of frequently elusive transitions in solid-supported

membranes, like the ripple phase, extending phase transitions
in complex multicomponent lipid mixtures and proteoliposomes
with membrane proteins inserted, or evaluating the effect of
the topology of nanostructured surfaces on supported lipid
organization. The study of equilibrium phase transitions by
QCM-D provides a solid starting point for the development of
approaches that envisage dynamic, non-equilibrium phenomena
in the presence of temperature gradients or osmotic stress that
have actual relevance in cellular regulation processes.
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