
ABSTRACT 

JAFARABADI, MORTEZA. Membrane-Protein Interactions: Structural Studies of Nanopore-

Confined Membrane Systems. (Under the direction of Dr. Alex I. Smirnov). 

 

Self-assembled nanotubular lipid bilayers confined within macroscopically aligned high-

density homogeneous nanopore array structure of anodic aluminum oxide (AAO) exhibit a high 

degree of macroscopic alignment that facilitates their studies by oriented sample solid state (OS 

SS) NMR and quartz crystal microbalance (QCM) methods. The principal advantages of the lipid 

nanotube arrays are in the applicability of this method to essentially any lipid composition and a 

tolerance of the macroscopic alignment to a wide range of environmental conditions such as 

temperature, pH, and ionic strength. Here we describe a recent progress in reconstructing small 

transmembrane peptides into AAO-confined nanotubular bilayers and the use of this technology 

to study lipid-induced changes in protein conformations and membrane structure by magnetic 

resonance methods.  Specifically, by using OS SS NMR we have shown that the tilt and α-helix 

kink angles of Pf1 coat protein are affected by the bilayer composition on example of POPC and 

DMPC bilayers. Effects of unsaturated lipids on Pf1 dynamics as evidenced by the changes in 

the linewidths in the Pf1 spectra are also reported.  We relate these changes to the bilayer fluidity 

and its effects on the uniaxial rotational diffusion of the protein within the membrane.  Further, 

we demonstrate a new approach for the direct detection of phase transitions in lipids (e.g. DMPC 

and DPPC) in supported lipid bilayer (SLB) systems by QCM technique. The pre-phase 

transition of DPPC was detected by QCM for the first time. Combing 31P OS SS-NMR and QCM 

measurements, the melittin mode of action on lipid bilayer membranes was shown to follow the 

“carpet-like” mechanism.  
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CHAPTER 1 

General Introduction 

Physicochemical interactions between lipid bilayers and membrane proteins have been 

investigated for decades by a number of spectroscopic tools and analytical techniques, with many 

of them being specifically developed for such studies.  At the same time model lipid bilayer 

systems and technologies for preparing macroscopically-aligned bilayer/membrane protein 

systems have been also evolved to attain a better understanding of membrane proteins, their 

mostly unknown structures in relation to functions, and the effects of protein-lipid interactions. 

Here, three general systems of macroscopically aligned lipid bilayers are briefly reviewed.   

1.1. Macroscopically-aligned lipid bilayer systems 

   1.1.1. Mechanically-aligned lipid bilayers by planar substrates 

In a mechanically-aligned lipid bilayer system, a lipid bilayer or a bilayer/protein mixture 

will be placed on top of or between multiple glass plates followed by solvent removal and 

rehydration process. Given the right conditions, the resulted bilayers shown to be well oriented 

parallel to each other in a way that the lipid acyl chains and, therefore, the bilayer director vector, 

are perpendicular to the glass slides.1 In order to obtain the best possible signal in solid state (SS) 

NMR experiments, at least a stack of 10-40 glass slides is needed with each of the stacks 

typically containing from 500 to 1,000 lipid bilayers. When placed in a SS NMR probe 

(typically, a specially designed square coil), such a well-oriented sample would generally have 

the bilayer normal to be parallel to the external magnetic field meaning that the embedded 

proteins would be also uniaxially oriented with respect to the magnetic field (Figure 1.1). Such 

macroscopic alignment results in a significantly improved spectral resolution of SS NMR spectra 

yielding important information about protein and bilayer structures and their interactions. 
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Magic angle spinning (MAS) NMR experiments with glass/polymer supported bilayers 

have been also described.2 For the latter experiments, the bilayers/plates stacks are prepared in a 

circular shape and are mounted inside a rotor with their central axis parallel to the spinning axis 

of the rotor. 

 

Figure 1.1. Mechanically aligned lipid bilayers resting on a glass plate.1 

 

It has been shown that by using a sublimable compound like naphthalene the quality of 

alignments can be improved.3  In another SS NMR study of dimyristoyl-phosphatidylcholine 

(DMPC)/Gramicidin D mixture it was shown that the hydration level has a much more profound 

effect on the powder pattern of DMPC rather than the gramicidin-to-lipid ratio.4 Even though 

almost any orientation of the bilayer director and, therefore, of the membrane protein sample 

with respect to the magnetic field could be achieved by this method (e.g., by rotating the class 

plates), the experimental difficulties related to the sample preparation under controlled humidity 

as well as interactions between adjacent bilayers and packing perturbations by the protein 

domains protruding outside made this alignment method less common among the others. 

Another disadvantage of glass supported bilayers is suboptimal NMR signal due to the low 

filling factor because of a large fraction of the NMR coils being occupied by glass/polymer 

plates. 
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   1.1.2. Magnetically-aligned Bicelles 

Bicelles are disc-shaped bilayers made of a mixture of long chain and short chain lipid 

molecules or detergents. The lipid molecules in a bicelle are assembled in a manner such that the 

short chain lipids make the rim of the disc. The preparation of bicelles by self-assembly is easy 

and straightforward.  

One common bicelle composition consists of dimyristoyl-phosphatidylcholine (DMPC) as the 

long-chain lipid and dihexanoyl-phosphatidylcholine (DHPC) as the short-chain lipid 

component. The molar ratio of the long to short chain lipids (known as the q factor) is the most 

important parameter of the bicelles that defines their supramolecular structure (Figure 1.2). In 

order to observe the bicellar formation of the bilayer, the q factor value must reach a certain 

threshold, which is typically q>2.5).5 The level of hydration and the q factor determine the phase 

diagram of the bilayer. 

 

Figure 1.2. Bicellar phase diagram.5 

When placed in an external magnetic field, the Helmotz free energy density (per unit 

volume) of lipid molecules becomes dependent on their orientation in the field according to eqn. 

1-1: 6 
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                                                                                                             1-1                                                                                                                     

where �⃗⃗�  represents the magnetic field vector, �⃗�  is the vector coinciding with the lipid long axis 

(which is also bilayer director vector), N is the number of molecules per unit volume,  is the 

difference between volume magnetic susceptibilities at the two different orientations (parallel 

and perpendicular to the long molecular axis) , and ln represents the angle between �⃗⃗�  and �⃗� . In 

general, the lipid molecules have preferential orientations in a way to minimize this contribution, 

F, to the Gibbs free energy, G. Therefore, given that and under the right conditions such as 

the magnitude of the magnetic field (> 1 T) and temperature (32 – 36 oC for DMPC:DHPC) so 

that the maximal magnetic energy exceeds that of the thermal fluctuations, the bicelles would 

spontaneously align in the magnetic field so that the bilayer normal will be perpendicular to the 

external magnetic field; i.e., the term F will reach the minimum, F=0, when the angle is 90o and 

(�⃗� ∙ �⃗⃗� )
2
= 0 (Figure 1.3).  Clearly, the orientation of bicelles is controlled by the sign of  

The latter could be manipulated by adding Lanthanide ions resulting in so-called “flipped” 

bicelles when . 

 

Figure 1.3. The spontaneous alignment of bicelles in an external magnetic field.5 
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Typically, there are four different ways by which proteins can interact with lipid bilayers 

and bicelles (Figure 1.4). They could be either embedded within the lipid bilayer or dissolved in 

a solvent interacting with the bilayer. The bicelle itself could be either aligned with magnetic 

field or possess random orientations that are averaged out by a fast tumbling motion.5 

 

Figure 1.4. Four different interactions between bicelles and membrane proteins.5 

 

In a study on a pore-lining transmembrane domain (M2) of the nicotinic acetylcholine 

receptor (AChR) embedded in bicelles,7 it was shown by spin-labeling EPR spectroscopy that 

bicelles could be aligned even in a weaker magnetic field of 0.63 T. In this method, the 

transmembrane domain was spin labeled by an unnatural amino acid - the nitroxide spin probe, 

2,2,6,6-tetramethylpiperidine-1-oxyl-4-amino-4-carboxylic acid (TOAC) - at different positions 

along the transmembrane helix. The EPR data revealed a helical tilt angle of 14o of the 

transmembrane domain with respect to the bilayer normal based on calculations of the observed 

nitrogen hyperfine splittings measured from orientation-dependent EPR spectra. Figure 5 (left) 

shows X-band (9 GHz) EPR spectra of spin-labeled M2domains: the spectra change from the 

narrow line width pattern corresponding to the aligned sample in fast motion regime to a broad 

spectrum that is characteristic of a slow motion restricted by the bilayer. The effect of the 
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different orientations of the peptide inserted bicelle and the orientation dependent hyperfine 

splittings is also shown in the Figure 1.5 (right). 

 

Figure 1.5. (left) EPR spectra of (A) TOAC1 AChR and (B) TOAC18 AChR in randomly dispersed 

DMPC/DHPC bicelles. 

(right) Spin-labeled X-band EPR spectra of TOAC18 AChR incorporated into either magnetically aligned 

(A and B) or randomly dispersed (C) phospholipid bilayers7 

 

   1.1.2.1. Lanthanide aided bilayer alignment 

Even though bicelles are considered as one of the best methods for magnetically aligned 

bilayer systems, they are limited to smaller embedded proteins. As discussed above, lipid 

molecules have negative anisotropy susceptibility ().  Thus, the sign of  determines the 

orientation of the bicelles in the external magnetic field: the lipid-composed bicelles align with 

the bilayer normal perpendicular to the magnetic field. This means that the proteins must exhibit 

fast axially symmetrical motions in order to avoid an inhomogeneous NMR line broadening. 

Therefore, the proteins lacking such rapid reorientational motion, such as larger proteins or 

oligomeric complexes, would yield NMR spectra corresponding to cylindrical powder patterns6, 8 

This issue calls for the need of having bicelles perpendicular to the magnetic field (i.e., with the 

bilayer normal parallel to the external field – the same orientation as achieved with the glass 

plates). 
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As already mentioned in the preceding section, one way to change the orientation of 

bicelles is by altering the sign of by changing the magnetic susceptibility of the lipid bilayer. 

This could be accomplished by adding some small amount of trivalent lanthanide ions (e.g., 

Eu3+, Er3+, Tm3+, and Yb3+) that would coordinate to the lipid phosphates. The addition of the 

lanthanide ions to the bicelles, changes their magnetic susceptibility so that  becomes positive 

meaning that the lanthanide doped bicelles would align perpendicular to the magnetic field 

(Figure 1.6). This lanthanide-aided alignment of bicelles in the perpendicular orientation with 

respect to magnetic field (also known as “flipped” bicelles) is shown to be stable over a wide 

range of temperature, pH, and lanthanide concentration. However, broadening the NMR signals 

due to changes in the both longitudinal and transverse relaxation times (T1 and T2) of the lipid 

nuclear spins is one of the problems caused by the addition of paramagnetic lanthanide ions. 

Binding of trivalent lanthanides to the lipids’ phosphates would also cause perturbations of 

chemical shifts and/or conformational changes of embedded peptides along with some other 

problems (e.g., altered pH is one of them). It has been shown that employing lipids with 

lanthanide-chelating groups directly tethered to the lipid heads would alleviate some of these 

issues.6, 8 

 

Figure 1.6. Flipped (A) and unflipped (B) bicelles.5 
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   1.1.3. Nanopore-confined bilayer nanotubes  

While magnetically aligned DMPC/DHPC bicelles have proven to be a good alternative 

to glass-supported bilayers, there are just very few options when it comes to choosing their lipid 

composition and the range of environmental parameters9 such as temperature, pH, etc. On the 

other hand, anodic aluminum oxide (AAO) nanopore- confined lipid bilayer system, which is 

based on restricting the lipid bilayer orientations by cylindrical nanopores, has proved to be a 

promising alignment method with a wide range of applications10. In addition to the applicability 

to essentially any lipid composition under an exceptionally wide range of environmental 

conditions like pH, temperature, ionic strength, etc., the ease of preparing of AAO-confined 

samples and reproducibility in yielding high resolution NMR spectrum with dramatically narrow 

signals are considered as the main advantages of this method. In an AAO-confined bilayer 

system, the lipid bilayer is oriented in the cylindrical formation inside the pores in a manner that 

the average bilayer normal (i.e., the director vector) is perpendicular to the cylindrical axis of the 

pore.  

 

Figure 1.7. (left) Cartoon of nanotubular bilayer with inserted Pf1 protein inside a nanopore. (right) 

Proton-decoupled 31P NMR spectrum (500 MHz 1H frequency) of DOPC/DOPG lipids with 9:1 molar 

ratio at 45 oC, horizontally placed into an external magnetic field.11 
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In a study it has been shown that when an AAO confined bilayer system containing a 

mixture of DOPC/DOPG lipids with 9:1 molar ratio, was horizontally placed into an external 

magnetic field (in a way such that the cylindrical axes of the nanopores were aligned along the 

external magnetic field), a proton-decoupled 31P NMR spectrum with significantly narrow line 

width of ~140 Hz was detected (Figure 1.7). Direct deposition or extrusion of multilamellar 

liposomes, respectively, leads to the formation of multilamellar or unilamellar lipid bilayer inside 

the pores. In direct deposition approach, an aliquot (less than 10 L) of multilamellar vesicles is 

placed onto a strip of AAO (4 × 8 mm2) and let it dry slowly at a temperature slightly above the 

main phase transition (Tm) of the lipid used. Then lipid vesicles insert into the nanopores as the 

buffer evaporates. After it completely dries out, the strip gets rehydrated again to form 

multilamellar bilayers confined into nanopores of AAO.   

The functional properties of Rhodopsin reconstituted on an AAO supported lipid bilayer 

system was also reported (Figure 1.8). No significant structural transitions of rhodopsin by AAO 

or perturbation of bilayer order parameter was observed. However, the 2H spin-spin relaxation 

time, T2, of lipids dramatically reduced in the presence of rhodopsin. This could be due to an 

increase in rotational correlation times. This study proved that using AAO supported bilayers has 

many advantages including simple and easy preparations, applicable to a wide range of 

membrane proteins, suitable for studies that require a change of conditions (e.g. pH, ionic 

strength, ligand addition) during the experiment. It is also very beneficial for structural studies on 

membrane proteins under various conditions.   
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Figure 1.8. Cartoon of single tubular bilayers containing rhodopsin inside the pores of commercial 

(Whatman, Ltd.) AAO filters.12 

 

1.2. Specific Aims  

Here we take advantage of all aspects of nanopore confined bilayer system to investigate 

the interactions between lipid bilayer and antimicrobial peptides (e.g., melittin) to get a better 

understanding on how antimicrobial peptides disrupt cellular membranes. In order to achieve our 

goals, we used oriented sample 31P SS NMR and quartz crystal microbalance (QCM) as two 

complementary techniques to observe bilayer structural distortion, the kinetic of binding, and 

the binding mechanism of melittin.  

In a parallel study we used oriented sample SS NMR technique to investigate the structural 

conformations of a bacteriophage peptide (Pf1) inserted in lipid bilayer under different 

conditions (lipid compositions, pH, and temperature).  
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1.3. Quartz crystal microbalance technique 

Quartz crystal microbalance (QCM) is a highly sensitive analytical tool that measures 

small changes of mass by detecting frequency changes of a mechanical oscillator driven by a 

piezo effect.13 In response to an applied voltage, the crystal oscillates in a shear mode (Figure 

1.9) in a way that the top and the bottom surfaces of the crystals move in the opposite directions. 

 

Figure 1.9. Cross-section view of a QCM crystal oscillating when an alternating voltage is applied. 

 

The QCM technique was first demonstrated by Sauerbrey14 who developed  the 

“Sauerbrey equation” that relates the mass per unit area at the QCM surface to the change of 

oscillation frequency. According to this equation, the change of the frequency of the quartz 

crystal is proportional to the change in the mass given by eqn. 1-2.    

f = - Cf m                                                                                                                                  1-2 

Where f is the observed frequency change (Hz), m is the change in mass per unit area (g/cm2), 

and Cf is the sensitivity factor (which is 56.6×106 Hz cm2 g-1 for an AT-cut quartz crystal at 

room temperature). This technique does not need any calibration since the Sauerbrey equation 

relies on the linear sensitivity factor which is a fundamental feature of the crystal. However, this 

equation is derived based on the approximation of having a uniform rigid thin film deposited on 

the surface. In any other cases, more complicated equations are needed.15  

 



   

12 

 

1.4. Solid state (SS) NMR spectroscopy 

Nuclear magnetic resonance (NMR) is a physical phenomenon, which is based on lifting 

the degeneracy of nuclear spin states by placing them in an external magnetic field (Bo).  For 

spins I=1/2 this will result in two energy levels (Figure 1.10). The spins with z-projection along 

Bo would have a lower energy while the opposite orientation would result in a higher energy. A 

radio frequency (RF) electromagnetic field of matched (resonant) frequency will induce 

transitions from the lower energy state to the higher one and vice versa. The frequency of rf 

depends upon the external magnetic field and the nuclei under observation. Each nucleus has a 

specific frequency at which the resonance happens. According to the classical electrodynamics, 

the energy of a magnetic moment in an external magnetic field is given by eqn. 1-3. 

E = -.Bo                                                                                                                                       1-3                                                                                          

where E is the energy of a magnetic moment,  is the magnetic moment, and Bo is the magnetic 

field. The magnetic moment is a vector which has three projections on x, y, and z axes. Normally 

the magnetic moment along the z axis (z) is chosen to be along the external magnetic field, and, 

therefore the above equation can be written as eqn. 1-4.  

E = -zBo      where z = mh/2                                                                                                1-4    

So,  

E = -m(h/2)Bo                                                                                                                              1-5 

Where,  is the gyromagnetic ratio, m is the magnetic spin, and ℏ = ℎ 2𝜋⁄  is the reduced Plank 

constant. 
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Figure 1.10. The splitting of energy levels of a nucleus with ½ spin in an external magnetic field. 

 

In figure 1.10, the energy difference between two energy states is given by eqn. 1-6. 

E = + ½ (h/2)Bo – (– ½ (h/2)Bo) = (h/2)Bo                                                                     1-6 

In solution NMR the final spectrum shows a series of sharp transitions for a given molecule, due 

to averaging of anisotropic interactions by a rapid random tumbling of the molecules in the 

solution. On the other hand, solid state spectrum of the same molecule is very broad as the 

orientation dependent interactions (primarily dipolar interactions) or the full effect of anisotropic 

interactions are observed (Figure 1.11). That is why using an advanced technique like magic 

angle spinning (MAS) or cross polarizations (CP) are required to get a well resolved SS NMR 

spectra.  
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Figure 1.11. A comparison between solution NMR and solid-state NMR. 

 

   1.4.1. Cross polarization 

After presenting by Hartmann and Hahn16 for the first time in 1962, cross polarization 

(CP) has become one of the most valuable and widely used techniques to enhance the signals of 

low gamma nuclei (13C or 15N) coupled to proton spin bath. Figure 1.12 shows the cross-

polarization pulse sequence in which I and S represent an abundant high gamma (e.g., 1H) and a 

rare low gamma nucleus, respectively. A transverse I spin coherence obtained from an applied 

90o pulse is transferred to the S spin during a double irradiation period. Finally, to acquire a 

narrow line S spin spectrum, I spin is decoupled. 
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Figure 1.12. Schematic diagram of CP pulse sequence.17 

 

 

Figure 1.13. 2D pulse sequence of SAMPI4.18 

 

 

The purpose of cross polarization is to increase the signal of a low gamma nucleus by 

taking advantage of the prevalence of a high gamma nucleus. The enhancement of the signal of S 

spin () is proportional to the gyromagnetic ratio of two spins (IS).Setting the Hartmann-

Hahn match properly is the key to carry out an efficient cross polarization between an I-S spin 

pair. Figure 1.13 depicts a scheme of SAMPI4, which is a specific pulse sequence that we used 

(after an initial cross polarization) to evolve the heteronuclear (1H-15N) dipolar couplings.18 
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CHAPTER 2 

 
Structure and Dynamics of Nanopore-Confined Membrane Proteins; An 

Oriented-Sample Solid-State NMR Study 

2.1. Introduction 

Self-assembled nanotubular lipid bilayers confined within macroscopically aligned high-

density homogeneous nanopore array structure of anodic aluminum oxide (AAO) membranes 

shown in figure 2.1 exhibit a high degree of macroscopic alignment that facilitates their studies 

by oriented sample solid state (OS SS) NMR and spin-labeling EPR methods10, 19, 20. The 

principal advantages of the lipid nanotube arrays are in the applicability of this method to 

essentially any lipid composition and a tolerance of the macroscopic alignment to a wide range 

of environmental conditions such as temperature, pH, and ionic strength. 

 

Figure 2.1. SEM image captures well-organized structure of anodic aluminum oxide (AAO) nanopores of 

ca. 80 nm in diameter employed for macroscopic alignment of fully hydrated bilayers of different lipid 

composition containing uniformly 15N-labeled Pf1 coat protein. This figure is reproduced from a previous 

study from our lab with minor changes11. 
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Membrane-bound bacterio-phage Pf1 coat protein was studied as a model system. Pf1 

was shown to undergo a drastic transition during the viral assembly from its transmembrane 

conformation to a filamentous phage form as it is transferred from the cellular membrane 

environment to the newly extruded virus particles21.  The figure 2.2 shows a structural model of 

Pf1 obtained from OS NMR of glass-plate aligned lipid bilayers.   

 

Figure 2.2. Pf1 coat protein in the phage form (left) and membrane bound form (right). This figure is 

reproduced from Opella et al. with minor modifications22. 

 

Here we describe a recent progress in reconstructing small pore-forming bilayers with 

embedded transmembrane peptides such as Pf1 coat protein in inorganic nanopores and 

utilization of this technology to study lipid-induced changes in protein conformations by 

magnetic resonance methods. We also demonstrate an optimized sample preparation method to 

increase the quality of 31P NMR signal of our nanoconfined supported lipid bilayer system.  

 Specifically, by using oriented-sample SS NMR we have shown that the tilt and α-helix 

kink angles of Pf1 coat protein are affected by the bilayer composition on example of the POPC 

and DMPC bilayers.  Effects of unsaturated lipids on Pf1 dynamics as evidenced by the changes 

in the linewidths in the Pf1 spectra are also reported.  We relate these changes to the bilayer 
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fluidity and its effects on the uniaxial rotational diffusion of the protein within the membrane. 

The improved nanopore alignment technique described here provides a general method for 

studying lipid-induced structural conformations of membrane proteins under physiologically 

relevant conditions by magnetic resonance.   

 

2.2. Materials and methods 

2,2,2-Trifluoroethanol and 2,2,2-Trifluoroacetic acid were purchased from Oakwood 

Chemicals. All lipids were purchased as chloroform solutions (25 mg/ml) from Avanti Polar 

lipids (Alabaster, AL). 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine is a zwitterionic 

phospholipid (Figure 2.3) which has been used as a lipid model to prepare nanopore confined 

lipid bilayer for 31P SS NMR experiments normally measured at 40 oC.  

 

Figure 2.3. Chemical structure of POPC 

 

1,2-dimyristoyl-sn-glycero-3-phosphocholine is a zwitterionic phospholipid (Figure 2.4) that was 

used as a lipid model to prepare nanopore confined lipid bilayer for QCM measurements. 

 

Figure 2.4. Chemical structure of DMPC 
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   2.2.1. Multilamellar lipid vesicles preparation 

In order to prepare multilamellar lipid vesicles (MLV), normally a 10% m/v of the desire 

lipid was prepared. The process involves evaporating chloroform under a nitrogen flow and 

desiccating over night following by rehydration of the lipid with a buffer. Phosphate buffer, Tris 

buffer, and DI water at different pH values were used depending on the nature of the 

experiments.  

 

   2.2.2. AAO deposition 

 An aliquot (~7 L) of the desired lipid aqueous dispersion was deposited on each 3.8×8 

mm2 anodic aluminum oxide (AAO) strip with a 72 μm thickness and an average pore diameter 

of 78 nm and left to completely dry out for 30 minutes at room temperature. Then strips were 

rehydrated with DI water and 5 strips were packed into a glass tube (5 mm in outside diameter 

and 4 mm in inside diameter) for each 31P SS NMR experiment. Figure 2.5 shows a typical 31P 

SS NMR sample.    

 

Figure 2.5. An NMR Sample. 
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2.2.3. Proteoliposome Preparation of Pf1 sample 

Uniformly 15N-labeled Pf1 coat protein used in this research was expressed in-house 

using an adapted protocol23 in which the phage was isolated through dialysis or filtration, the 

coat protein purified through TFE (50%) / TFA (0.1%) phage precipitation followed by 

lyophilization and several washing steps to ensure purity of the protein. A predefined amount of 

the phage was dissolved in 1 mL of TFE (50 %)/TFA (0.1 %) to precipitate the DNA, and the 

supernatant was subsequently lyophilized. Approximately 2 mg of the lyophilized protein was 

dissolved in 0.4 ml TFE and added to a proper amount of POPC of 25 mg/ml chloroform 

solution of POPC yielding Pf1-POPC 1:50 molar ratio which was %10 m/v of lipid.  

The solvent was evaporated under a nitrogen flow for two hours and the remained lipid 

film was kept under vacuum overnight to remove the rest of organic solvents. Multi-lamellar 

lipid vesicles were prepared by rehydrating the film with a 50 mM sodium chloride solution that 

was followed by vigorous vertexing combined with multiple freeze-thaw cycles until the 

suspension became uniform and non-viscous indicating formation of proteoliposomes. A similar 

procedure was used to prepare Pf1_DMPC proreoliposomes with 1:50 peptide to lipid ratio 

except that the deposition happened at 40 oC which is above the phase transition temperature of 

DMPC (24 oC). 

The proteoliposomes were subsequently deposited at room temperature on ~26 pieces (3.8×8 

mm2) of in-house AAO strips with average pore diameter of 78 nm and 60 microns in thickness.  

After deposition onto AAO, the vesicles form uniform cylindrical lipid bilayers. A stack of AAO 

was placed into an NMR probehead so that the external magnetic field was parallel to the bilayer 

cylindrical axis and perpendicular to the helical axis of Pf1 (Figure 2.6).  
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Figure 2.6. Pf1 coat protein inserted in a bilayer membrane24 (left) and a cross section of an AAO 

nanopore with deposited Pf1_Lipid bilayer11 (right). 

 

   2.2.4. Measurements 

All 2D NMR experiments were run on a Bruker Avance II spectrometer with a 500 MHz 

1H frequency and a Bruker 5mm round-coil E-freeTM probe; data collection used Topspin 2.0 

software. All 31P NMR spectra were collected on a Bruker Avance II spectrometer with a 300 

MHz 1H frequency and a 7mm round coil DOTY probe; data collection used Topspin 3.2 

software. Two-dimensional separated local field experiments utilizing the SAMPi4 sequence25 

were performed on all samples having 128 scans per each of 70 t1 points and their 22 respective 

d1(99%) values. All NMR data were processed using the NMRPipe software26.  All TGA 

experiments were on done on a Q50 instrument and the temperature program was as follows: 1) 

equilibrate at 50 oC; 2) Isothermal at 50 oC for 5 minutes; 3) Ramp up to 700 oC at a rate of 10 oC 

per minute.  
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2.3. Results and discussion 

In this study, we demonstrate a dramatic improvement of lipid alignment with an 

acceptable degree of lipid macroscopic alignment using a nanopore-confined supported lipid 

bilayer (SLB) system developed in our lab for the first time10. In this SLB system, lipid bilayers 

with a cylindrical geometry are formed by self-assembling nanotubular bilayers within ordered 

nanochannels of an in-house prepared anodic aluminum oxide (AAO) substrates with a uniform 

nanoporous structure. we have obtained exceptionally narrow (90-140 Hz, which is less than or 

about 1 ppm) 31P resonances of phosphate groups of macroscopically aligned nanotubular 

bilayers of various compositions. Figure 2.7 depicts two examples of the oriented sample 31P SS 

NMR spectrum for pure POPC and DPPC that we have obtained utilizing nanoconfined SLB 

system. A narrow 31P-NMR signal (e.g.  pure POPC at ca. -15 ppm) indicates that the bilayer has 

a uniform cylindrical structure aligned with respect to the external magnetic field.  

     

Figure 2.7. 31P proton-decoupled NMR spectra (T=45 oC) of pure DPPC (left) and POPC (right) 

deposited onto nanoporous AAO show narrow resonances at ~ -15 ppm (line width of 107 and 96 Hz, 

respectively) that are indicative of a remarkable alignment of the lipids in nanotubular bilayers 

aligned with the nanopores directed along magnetic field Bo. 
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   2.3.1. Sample optimization  

By several try and error experiments it was realized that the amount of lipid initially used 

to deposit on AAO strips had a significant role on the quality and final resolution of 1D/2D SS 

NMR spectrum taken from nanoconfined lipid bilayer arrays (with Pf1 reconstituted in lipid 

bilayer). Therefore, we decided to design a series of experiments to find the relation between 

AAO pore size, amount of loaded lipid, the number of bilayers formed, and the bandwidth of the 

oriented sample 31P SS NMR spectra.  

To do so, a series of AAO strips (3.8×8 mm2) with different pore sizes yet almost the 

same pore length was prepared. For each pore size, three different amounts of 0.4, 0.8, and 1.6 

mg of POPC (%10 w/v) were deposited on 2 AAO strips. The AAO strips were pack into a 

regular 5 mm NMR tube and an oriented sample 31P SS NMR following by a TGA 

measurements were run for each sample. The figure 2.8 shows the TGA results for when a total 

amount of 0.4 mg of POPC was deposited into 4 different samples from ~35 nm to ~75 nm in 

pore sizes. All AAO strips were cut and etched from an original anodized AAO piece, therefore 

have almost similar thickness (i.e. pore length) in the range of 90-97 m. 

The pore sizes measured by taking SEM pictures in an increasing pore size order were 

35.8, 44.3, 50.3, and 72.0 nanometers. For any gives AAO strip, the pore sizes from opposite 

sides of the AAO are slightly different. Therefore, in our measurements, we used the average of 

two pore sizes from opposite sides. The SEM pictures of two opposite sides of the AAO with an 

average pore size of 50.3 nm are shown in Figure 2.9 as an example.  
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Figure 2.8. TGA traces of 0.4 mg of POPC lipid loaded in three different pore sizes. 

 

   

Figure 2.9. Two opposite sides of the AAO sample with an average pore size of 50.3 nm. 
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Unfortunately, the TGA and NMR results for 50.3 and 72.0 nm pore sizes in case of 0.4 

mg POPC loading are missing due to the lack of having enough number of AAO strips. The 

figure 2.10 shows the TGA results for when 0.8 mg POPC (top graph) and 1.6 mg of POPC 

(bottom graph) were loaded in AAO strips with different pore sizes. A same trend was also 

observed in TGA results for more loaded POPC. As the pore size increased, the relative mass 

loss also increased.  

The TGA graphs shown in figure 2.10 depict regular TGA pattern for burning 

phospholipids. The lipids are mainly made from organic materials (carbon and hydrogens) that 

start burning around 250 oC and continues until around 500 oC that which all left from the 

sample is only the AAO itself. It should be noted that the mass each sample loses (as temperature 

increases) is relative to the initial weight of the sample. Apparently, under the same conditions, 

bigger mass loss is expected as the pore size increases suggesting more POPC load for bigger 

pore sizes. 

An interesting observation was the large gap of mass loss between 35.8 nm and 44.3 nm 

pore sizes when 1.6 mg of POPC was loaded. This could suggest the number of bilayers formed 

inside the pores was increased by one unit (one more bilayer was added) in such small increase 

in the pore size. To determine the exact mass loss in milligram corresponding to the amount of 

POPC loaded in each sample, the final weight was subtracted from the initial weight of the 

sample.  Table 2.1 summarizes the total mass loss taken from TGA measurements. An 

interesting observation was the mass of loaded POPC lipids in the AAO with 35.8 nm pore size 

was almost the same (~0.45 mg) for when 0.8 mg and 1.6 mg of POPC were deposited. This 

suggest that the small pore size limits the amount of POPC lipid that could be loaded into 

nanopores no matter the initial amount of lipid deposited.   
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Figure 2.10. TGA traces of 0.8 mg of POPC (top) and 1.6 mg of POPC (bottom) lipid loaded in four 

different pore sizes. 
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Table 2.1. Experimental mass of POPC extracted from TGA measurements. 

 

Weight Loss (mg) 
Pore Diameter 

(nm) 
0.4 mg of 

POPC 
0.8 mg of 

POPC  
1.6 mg of 

POPC 

35.8 0.301 0.452 0.441 

44.3 0.394 0.521 0.726 

50.3 . . . 0.684 1.060 

72.0 . . . 0.636 1.170 

 

To evaluate the theoretical number of bilayers that could be formed in each sample and compare 

them with the experimental values, we calculated the theoretical mass of POPC lipid needed to 

form three shells of bilayers for each pore size and compare them with the experimental mass 

loss results from TGA measurements. But first the physical properties such as total pore volume 

and total surface area of each AAO sample were calculated based on the pore size and pore 

length values of each sample measured from SEM pictures. Table 2.2 summarizes these physical 

properties of all samples used in our experiments. It should be noted that we assumed that pores 

have ideal cylindrical shapes. Where, the total pore volume and total surface area were calculated 

based on the pore density of AAO which is 1.01×1010 cm-1 according to the literature27. 

 

Table 2.2. Important physical characteristics for each AAO sample that have been derived based on the 

experimental pore size and pore length values. 

Pore Diameter 
(nm) 

Pore Length 

(m) 

Pore Surface 
(m2) 

Pore Volume 
(m3) 

Total Pore 
Surface (m2) 

Total Pore 
Volume (m3) 

35.8 90.0 1.01E-11 9.05E-20 0.064 5.78E-10 

44.3 97.0 1.34E-11 1.49E-19 0.086 9.52E-10 

50.3 91.0 1.43E-11 1.81E-19 0.092 1.15E-09 

72.0 93.0 2.10E-11 3.78E-19 0.134 2.41E-09 

 

To estimate the number of bilayers that theoretically would fit in any pore size used in 

our measurements, we came up with the equation 2-`1 to calculate the mass of three consecutive 

bilayers for each pore size. 
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Mass of one bilayer = 2 ×
𝑇𝑜𝑡𝑎𝑙 𝐴𝐴𝑂 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑝𝑒𝑟 𝑙𝑖𝑝𝑖𝑑
 × 

𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑃𝑂𝑃𝐶 

𝑁𝐴
                                2-1 

Where, NA is the Avogadro’s number and the surface area per lipid molecule for POPC 

molecules is 62.7 Å2 according to the literature28. After the mass of the first bilayer (the outer 

shell) was calculated, a few assumptions were made to calculate the mass of second bilayer and 

third bilayers (inner shells). we assume that the first POPC bilayer take up 4 nm of the initial 

pore radius. We also assumed that there is 0.5 nm space between first and second shells of lipid 

bilayers filled with buffer. So, in our calculations, 4.5 nm for second bilayer and 9.0 nm for third 

bilayer was subtracted from the initial pore radius to calculate the mass of inner bilayers. The 

table 2.3 summarizes the theoretical values calculated for the mass of lipid loaded into AAO 

pores up to three bilayer shells for each pore size used in our experiments.  

 

Table 2.3. Theoretical mass of POPC lipid needed to make three consecutive bilayers inside nanopores. 

Pore Diameter 
(nm) 

Mass of First 
Shell (mg) 

Mass of Second 
Shell (mg) 

Mass of Third 
Shell (mg) 

35.8 0.260 0.195 0.129 

44.3 0.347 0.276 0.206 

50.3 0.369 0.303 0.237 

72.0 0.540 0.473 0.405 

 

Some interesting observations could be extracted from comparing the experimental 

values of mass loss (table 2.1) from TGA data with the theoretical values (table 2.3) calculated 

for mass of POPC bilayers that could potentially form into the pores. For example, for the AAO 

sample with the pore size of 35.8 nm, both the experimental data for when 0.4 mg of POPC was 

added and the theoretical value calculated for the first bilayer (the most outer bilayer) were 

almost the same (~0.3 mg POPC) confirming that only one bilayer has been formed.  

When 0.8 mg of POPC was added, the experimental amount of lipid that is loaded in 

AAO (0.45 mg) is less than the sum of theoretical mass of first two shells of bilayers (0.58 mg), 
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proving that somewhat between one and two bilayers have been formed.  When 1.6 mg of POPC 

was added, the experimental amount of POPC loaded in AAO has not changed with respect to 

when 0.8 mg of POPC was added confirming that the pore size limitation does not allow POPC 

molecules to form more than two bilayers (between one and two bilayers to be more accurate) no 

matter the amount of POPC deposited on AAO strips in the first place. Similar pore size effects 

were observed for bigger AAO pore sizes.  

 

Table 2.4. The number of bilayers formed with respect to the pore size based on experimental TGA 

results. 

 
Number of bilayers 

Pore Size (nm) 0.4 mg of POPC 0.8 mg of POPC 1.6 mg of POPC 

35.8 1.15 1.99 1.93 

44.3 1.14 1.67 2.63 

50.3 . . . 2.03 3.51 

72.0 . . . 1.26 2.48 

 

The pores with a single bilayer were shown in orange color; the pores with a double 

bilayer pores are shown in green; and more than two bilayers are shown in blue. The number of 

bilayers formed in AAO samples with different pore sizes for three different initial amounts of 

POPC deposited used in this study is shown in the table 2.4 To calculate the number of bilayers 

we used both the experimental (from table 2.1) and theoretical values (from table 2.3) for mass 

of loaded POPC lipids into the pores in a way that the experimental value was divided by the 

proper theoretical value (based on magnitude of the experimental value, the theoretical value of 

first bilayer, sum of first two bilayers or the sum of all three bilayers were used).  

The oriented sample 31P SS NMR spectrum of the POPC loaded samples of AAO with 

the pore size of 44.3 nm is shown in figure 2.11 As expected, the intensity of the 31P NMR signal 

increases with increasing the amount of loaded POPC. This is also in good agreement with the 
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weight loss valued measured by TGA. The same trend was observed for other pore sizes. The 

linewidth of the 31P-NMR signal for each sample is shown in table 2.5 Some interesting 

observation were noticed from comparing the number of bilayer formed in nanopores of each 

AAO sample (data from table 2.4) and the 31P NMR linewidth of each samples.  

 

 

 

Figure 2.11. Oriented sample 31P SS NMR spectrum of AAO samples with 44.3 nm in pore size for three 

different amounts of POPC lipid deposited. All data were collected at 1024 scans at 40 oC. 

 

Table 2.5. 31P NMR signal linewidth with respect to the pore size. 

  31P NMR linewidth (Hz) 

Pore Size (nm) 0.4 mg of POPC 0.8 mg of POPC  1.6 mg of POPC 

35.8 146.64 151.52 149.84 

44.3 145.42 144.35 191.80 

50.3 . . .  185.70 217.13 

72.0 . . .  149.38 182.34 
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For example, we found that the linewidth is narrower when less number of bilayers were 

formed. Single bilayers give out relatively better results regarding the quality of NMR signal 

rather than double bilayers. The same trend is observed for double bilayers with respect to triple 

bilayers due to more deviation from the ideal cylindrical shape that occurs in inner bilayers. The 

pattern of increasing the 31P NMR linewidth with increasing the number of bilayers is shown in 

the figure 2.12. The highest 31P NMR linewidth belongs to the AAO sample of 50.3 nm pore size 

when 1.6 mg of POPC was initially deposited on the AAO strips leading to the formation of the 

highest number of bilayers (more than 3 bilayers) in the pores.  

The most outer bilayer copies the cylindrical form of the nanopore more closely rather 

than the inner bilayers, which is why in samples when only one bilayers formed, a narrower 

linewidth was observed. Another possible reason could be the presence of intact vesicles in most 

inner parts of nanopores due to overloading nanopores with POPC when 1.6 mg of POPC was 

added, that results in perturbations in inner bilayers and widen the NMR signals in multiple 

bilayers.  
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Figure 2.12. 31P NMR linewidth versus pore size. 

 

 

   2.3.2. Pf1 Coat Protein – Lipid Bilayer Interactions by Solid-State NMR  

The simple protocol of making uniformly 15N labeled Pf1 makes it well suited for 

development of new NMR methods and lipid-membrane protein interactions. Two principal 

conformation for Pf1 as a membrane protein and as a main component of the virus particle have 

been determined by oriented sample SS NMR spectroscopy using bicelles22. Here we introduced 

nanopore confined Pf1-bilayer system as an alternative method to study Pf1 structure as a 

membrane protein.  31P-NMR spectrum of pure POPC deposited onto nanoporous AAO shows a 

relatively narrow signal at ~ -15 ppm with a line width of about 120 Hz (Figure 2.13, top) 
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proving that the formed bilayer has essentially uniform cylindrical structure aligned with the 

nanopores. 

1H decoupled 31P spectrum of Pf1_POPC with 1:50 molar ratio sample shows that cylindrical 

structure of the bilayer remained unchanged even after insertion of Pf1, meaning that the Pf1 

does not disrupt the bilayer (Figure 2.13, bottom). However, a slightly change in the line width of 

the 31P spectrum is expected due to effect of the Pf1 on the motion of phospholipid head groups 

and/or misalignment of lipid bilayer. The width of the 31P spectrum increased to 160 Hz). 

 

Figure 2.13. 31P-NMR spectrum before (left plot, collected at 2048 scans) and after (right plot, collected 

at 1024 scans) insertion of Pf1. Both spectra were collected at 40 oC. 

 

One dimension 1H decoupled 15N spectrum for POPC after 128 scans (Figure 2.14, top) 

and for DMPC after 11077 scans (Figure 2.14, Bottom) and especially those peaks at ~60 ppm 

prove that the Pf1 peptides are highly aligned in different lipid bilayer environments. The One 

dimension 1H decoupled 15N spectrum for POPC exhibits a slight shift to the right in compare to 
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the one for DMPC, indicating a smaller helical tilt in this membrane environment. These one-

dimensional spectra could be used as the direct dimension for higher dimensional techniques 

(e.g. mismatched Hartmann-Hahn or SAMPI4) that provide more accurate information to 

determine the structure of membrane proteins.    

 

 

Figure 2.14. One-dimensional 15N REP-CP spectra of uniformly 15N labeled Pf1 in POPC after 128 scans 

(top) and DMPC after 11077 scans (bottom). B1 rf fields (for CP match and decoupling) were set at        

48 kHz, and both spectra were collected using 10 ms acquisition time. 
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A two-dimensional SAMPI4 spectrum of both pure POPC and DMPC were obtained at 

45 oC after 70 t1 points with a perfect resolution comparable to the one obtained from Pf1 in 

bicelles published by Opella et. al24. The figure 2.15 exhibits the experimental two-dimensional 

SAMPI4 spectra of uniformly labeled Pf1 coat protein reconstituted in lipid bilayers of pure 

POPC (top) and pure DMPC (bottom) aligned by nanoporous Anodic Aluminum Oxide (AAO) 

matrix with the nanopore axes aligned along Bo along with the results of the spectroscopic 

assignment together with fitting to transmembrane helical structure. All the peaks have been 

assigned to different residues in Pf1 sequence. However, the signals are mostly coming from the 

immobile C terminal trans-membrane domain and the side chains (e.g. R44 around 80 ppm).   

Both SAMPI4 spectra for Pf1_POPC and Pf1_DMPC at 70 t1 points are overlaid in 

Figure 2.16 The higher resolution of the Pf1_POPC sample means there are more Pf1 peptide in 

the sample compare to Pf1_DMPC sample, probably due to losing some Pf1_DMPC 

proteoliposome during the sample preparation. Generally, working with DMPC is more 

problematic than POPC since the lipid deposition must happen above lipid phase transition 

temperature. POPC easily could be deposited on AAO at room temperature, while for DMPC 

with phase transition is at ~24 oC we had to prepare the sample at 40 oC. Small conformational 

changes (psi and phi angles) or changing the tilt angle of the Pf1 helix is observed upon changing 

the lipid bilayer composition, as different lipids have different length of the hydrophobic acyl 

chains. 
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Figure 2.15. SAMPI4 spectra of Pf1 reconstituted in POPC (top) and DMPC (bottom) lipid bilayers 

aligned in AAO at 45 °C. The B1 field was 50 kHz. 1024 scans were used for each of the 70 t1 increments.   
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Figure 2.16. Overlaid SAMPI4 spectra of Pf1 reconstituted in POPC (red) and DMPC (blue) bilayers at 

45 °C. The B1 field was 50 kHz. 1024 scans were used for each of the 70 t1 increments. 

 

Our 1H decoupled 15N results before and after a complete SAMPI4 measurement at 70 t1 

points that almost takes 7 days shows that we lost signal intensity by %32 due to sample 

dehydration at 45 oC (Figure 2.17). Apparently sample dehydration affects the resolution of the 

final SAMPI4 spectrum.  Our several attempts in sealing the sample to prevent it from drying 

were not successful. Basically, the suboptimal protein loading due to sample limitation, long data 

acquisition time needed to get a high resolution SAMPI4 spectra, and the effect of temperature 

on the quality of the sample in long run were our biggest obstacle we faced. All these problems 

prevented us on doing further experiments such as investigating the effect of different 

temperatures on structural conformation of Pf1 on the resolution of the SAMPI4 spectra.  
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Figure 2.17. Overlaid one-dimensional 15N REP-CP spectra of uniformly 15N labeled Pf1 of the Pf1-

DMPC before (blue) and after (red) running the SAMPI4 experiment. B1 rf fields (for CP match and 

decoupling) were set at 48 kHz, and both spectra were collected using 10 msec acquisition time. 

 

The only way we could decrease the data acquisition time was to perform the 

experiments on higher magnetic field. The same Pf1_POPC sample with 1:50 molar ratio 

reconstituted in AAO nanopores sample was sent to national high magnetic field laboratory 

(NHMFL) at Tallahassee, to perform the same oriented sample SS NMR experiment at higher 

magnetic field. The SAMPI4 spectra of Pf1_POPC sample at 64 t1 points performed at 1.5 GHz 
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magnet is shown in figure 2.18. This experiment only took 42 minutes to finish. The spectrum 

has an acceptable quality and in compare to the experiment performed at 500 MHz magnet 

shows 144-fold decrease in data acquisition time. It should be noted that this is the first ever 

oriented sample SS NMR experiment performed on supported lipid bilayer systems at 1.5 GHz 

spectrometer, the MagLab’s new 36T Series-Connected Hybrid (SCH) magnet at Tallahassee.  

 

Figure 2.18. SAMPI4 spectrum of Pf1 reconstituted in lipid bilayers aligned in AAO at 40°C. 5 co-added 

experiments, 8 scans each, were used for each of the 64 t1 increments performed at 1.5 GHz SCH 

spectrometer at NHMFL, Tallahassee, FL.   

 

It has been shown that changing temperature slightly changes the conformation of Pf1 

inserted in lipid bilayer22. We wanted to to see how the Pf1 structure responses to the 

temperature changing in nanopore confined systems. However, due to the problems mentioned 
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above it was impossible to study this effect on our 500 MHz magnet. Therefore, we performed 

the same oriented sample SS NMR experiments on the same Pf1_POPC sample using an ultra-

wide bore 900 MHz (21.1 T) NMR magnet (105 mm) designed and built by the National High 

Magnetic Field Laboratory (NHMFL, Tallahassee, FL) Magnet Science and Technology 

department. 

Figure 2.19 exhibits the temperature dependent two-dimensional SAMPI4 spectra of 

uniformly labeled Pf1 coat protein reconstituted in POPC (1:50 molar ratio) aligned by 

nanoporous Anodic Aluminum Oxide (AAO) matrix with the nanopore axes aligned along Bo 

data of Pf1 in POPC. The spectra at 10, 45, and 60 oC are exhibiting progressively narrower 

linewidths as the rate of Pf1 rotational diffusion within the lipid nanotubular bilayers is 

increasing with an increase in temperature. 

 

Figure 2.19. Temperature dependent SAMPi4 spectra of Pf1 in AAO supported POPC bilayer at 10 oC 

(left), at 45 oC (middle), and at 60 oC (right). Data acquired on the 900 MHz UWB spectrometer at 

NHMFL. 

 

2.4. Conclusion 

In this study we demonstrated a dramatic improvement in spectral resolution obtained for 

membrane proteins reconstituted in lipid bilayers that are confined and aligned within anodic 

aluminum oxide (AAO) nanopores as compared to our previous studies. This was made possible 

via improvement of the sample preparation techniques and the use of the optimized sensitivity-
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enhancement REP-CP sequence29. From TGA results and 31P NMR spectra it was shown that the 

amount of loaded POPC lipid and the pore diameter size are the two main factors that determine 

how many nanotubular bilayers are formed within the nanopores. In general, we realized that the 

less the number of bilayers, the narrower 31P ss NMR linewidth is. 

Spectral linewidths of ca. 1 ppm have been obtained for Pf1 coat protein reconstituted in 

AAO-supported lipid bilayers that are comparable to those observed in magnetically-aligned 

bicelles. Importantly, the AAO-confined bilayers can be made with virtually any lipid 

composition and are free of detergent and short-chain lipids. This makes it possible to study 

lipid-induced conformational changes of membrane proteins within an exceptionally broad range 

of environmental conditions such as temperature, pH, ionic strength, etc. As an illustrative 

example, 2D SAMPI4 spectra of ca. 1.5 mg of Pf1 coat protein reconstituted in POPC and 

DMPC bilayers aligned within AAO nanopores show marked differences, which are likely due to 

the different tilt angles of the Pf1 transmembrane helix in the two lipid environments. 

Here we provide first proof-of-the-principle examples of OS SS NMR of fully hydrated 

liquid membrane protein samples at ultra-high magnetic fields (1.5 GHz and 900 MHz magnets 

from NHMFL at Tallahassee). The effects of temperature on the structure of Pf1 in POPC bilayer 

were shown to be primarily related to changes in rotational protein dynamics. Finally, we proved 

that nanopore-confined lipid bilayer systems are a great alternative for magnetically-aligned 

bicelles. 
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CHAPTER 3 

Lipid Phase Behavior Studied by Quartz Crystal Microbalance 

3.1. Introduction 

In a QCM instrument, an alternating-current (AC) voltage is applied across a nanoporous 

AAO-coated quartz chip to cause the chip to oscillate in shear mode at its third harmonics of the 

fundamental frequency. When lipid is adsorbed into the nanopores of AAO surface, the 

resonance frequency decreases proportional to the loaded mass30. The dissipation factor (D) is 

directly proportional to the energy loss according to the equation below31:  

𝐷 =
𝐸𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑒𝑑

2𝜋𝐸𝑠𝑡𝑜𝑟𝑒𝑑
                                                                                                                               3-1 

Where Edissipated is the energy lost during a single oscillation after removing the driving voltage 

and Estored is the initial energy of the chip. In our measurement the dissipation is calculated by the 

inverse value for the quality factor (Q): 

𝐷 =  𝑄−1  =
𝑓𝑛

𝑤
                                                                                                                             3-2 

Where fn is the crystal frequency at its nth harmonic and w is the band width of the frequency 

signal. A high dissipation means the chip loses its energy quickly and suggests the immediate 

layer above the surface is something thick, soft or loose; conversely, a low dissipation suggests 

the film on the surface is rigid and compact. Thus, changes in f and D give information about 

mass and structure, respectively. The conductance voltage, Vc, is related to the mechanical 

resistance32 (Rm). Changes in mechanical resistance are directly proportional to changes in the 

inverse quality factor of the resonator. Therefore, the conductance voltage directly related to the 

dissipation and could give out useful information regarding structural changes in adsorbed film 

on the surface.  
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The dissipation is much less sensitive to fluctuations of temperature and mechanical 

stress than the frequency. Sometimes it is difficult to control stress and temperature sometimes 

specially in complex environments. Some workers just show the shifts of dissipation as a 

function of time, leaving out the frequency shifts entirely. For qualitative comparisons, this 

approach has proven rather useful since the dissipation is the more robust parameter33.  

During past few decades, supported lipid bilayers (SLBs) have been widely used as a 

model for mimicking biological membranes34, 35. SLBs are particularly a valuable model to study 

the physical behavior of cell membranes and their interactions with transmembrane proteins. The 

gel-fluid phase transition is a critical parameter that is used to characterize the membrane 

interactions. Different analytical techniques such as, DSC36, EPR37, and QCM38 have been used 

to directly measure the main phase transition (Tm) of different lipid compositions. As an ultra-

sensitive tool with atomic level measurements, QCM is a powerful technique that recently have 

been used to study the main phase transition (Tm) of SLBs with different form/lipid 

compositions. Ohlsson et al. used QCM-D to measure the phase transition of small unilamellar 

vesicles of DTPC adsorbed on TiO2 surface with acceptable precision and reproducibility39. 

Keller et al. reported the first direct evidence of monitoring lipid transformation from intact 

vesicles (12.5 nm in diameter) adsorbed onto SiO2 substrates, into bilayers bilayers using QCM-

D technique40. Warengau and Tufenkji were first to demonstrate a direct approach of measuring 

the main phase transition of SLBs using QCM by comparing the frequency response of a bare 

crystal with a bilayer coated crystal41. Younes and Mechler used QCM-D and Fluorescence 

imaging microscopy as two complementary techniques to show that the effect of surface 

chemistry can be overcome by using osmotic stress33. Peschel et al. used QCM to study ethanol 

as a model anesthetic through its effect on lipid phase transition42.  
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The transition temperature (Tm for transition from gel to fluid phase), enthalpy, and 

cooperativity are three main features that characterize phase transitions.  In DSC, these key 

parameters can be measured monitoring the heat flow to/from the sample as a function of 

temperature. The temperature at which the heat flow goes through a peak is known as the phase 

transition temperature. The cooperativity and enthalpy are the width and area under this peak, 

respectively. DSC is not useful when it comes to study lipid phase behavior on various systems 

with non-trivial geometrics such as lipid vesicles, monolayer, and bilayers. Hence, there is a need 

for a complementary method that is sensitive to different lipid geometries42.   

QCM is rather simple and cost-efficient technique that does not require calibration. There 

are several approaches to measure lipid main phase transition using QCM technique. Some 

scientists have used a bare crystal as a reference to later subtract from the main SLB crystal38, 39, 

while others have used frequency derivative41 or dissipation derivative33 approaches.  Despite 

previous reports on direct measurement of phase transitions using QCM, the sensitivity and 

precision of the results were always controversial. Keller and Kasemo reported ~13 Hz 

frequency shift for the phase transition of a single monolayer on SiO2 surface and which is 

almost half of the frequency shift for a bilayer40. In general, the expected frequency shift for 

SLB’s phase transition on a normal 25 mm AT-cut quartz crystal is ~25 Hz42. Despite the 

accuracy of the derivative approach in measuring the main phase transition, their results show 

poor resolution originated from small frequency shift that cannot easily be distinguished from the 

temperature profile without taking derivative.  

Here we demonstrate a noise free, direct approach of measuring the main phase transition 

of SLBs using QCM with no need to take temperature derivatives that could potentially replace 

DSC as the most common tool for phase transition measurement. In this study, we used 
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nanoporous aluminum oxide structures fabricated on AT-cut quartz crystals (25 mm in diameter 

and 0.33 mm in thickness) to increase the active surface area as the bilayer support43. We have 

previously used in house made nanoporous anodic aluminum oxide (AAO) as a support to align 

lipid bilayers in an external magnetic field10. Our crystal has incredibly higher surface area (~ 

>80 cm2) compared with a regular AT-cut quartz crystal (~2 cm2), due to having a thin (10 

micron) highly porous film of AAO on top. The higher surface area means more room to deposit 

lipid bilayer on the crystal (more loaded mass) leading to observe a bigger change in the 

frequency and conductance.  

 

3.2. Materials and Methods 

3.2.1. QCM measurements 

5 MHz polished QCM crystals (1” diameter) with aluminum (part number QM1010) 

electrodes on the liquid facing side were purchased from Fil-Tech (Boston, MA). The QCM’s 

were specifically designed for operating with one surface immersed in a liquid at a fundamental 

transverse shear mode. The aluminum QCM samples were anodized using a literature method43 

that grows an alumina layer at the rate of 2 μm/h.  

 

 

Figure 3.1. A QCM-AAO crystal.  
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The pre-deposited thin layer aluminum oxide was anodized on the quartz crystal yielding 

a QCM crystal with a layer of nanoporous AAO on top (Figure 3.1). QCM data were collected 

using a vector network analyzer (VNA TR1300/1) and a Q100 quartz crystal microbalance 

(Stanford Research Systems, Sunnyvale, CA, USA) system. A MATLAB program developed by 

Dr. Antonin Marek was used to record data. The system includes a controller, oscillator 

electronics and a Teflon holder that exposes one side of the crystal to the bulk DI water, as well 

as providing mechanical support and electrical connections to the QCM electrode. The 

measurements were done at fundamental frequency and 3rd overtone for Q100 and VNA systems, 

respectively. The fundamental frequency gives information more about the bulk solution near the 

surface rather than the immediate film on the surface itself, thus gives noisy and unreliable data. 

The higher harmonics on the other hand, give information about the thin film on the surface.  

 

3.2.2. Multilamellar lipid vesicles preparation 

All lipids were purchased as chloroform solutions (25 mg/ml) from Avanti Polar lipids 

(Alabaster, AL). 1,2-dimyristoyl-sn-glycero-3-phosphocholine is a zwitterionic phospholipid 

(Figure 3.2) that was used as a lipid model to prepare nanopore confined lipid bilayer for QCM 

measurements. 

 

Figure 3.2. Chemical structure of DMPC. 

 

1,2-dipalmitoyl-sn-glycero-3-phosphocholine is a zwitterionic phospholipid (Figure 3.3) that was 

used as a lipid model to prepare nanopore confined lipid bilayer for QCM measurements. 
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Figure 3.3. Chemical structure of DPPC. 

 

In order to prepare multilamellar lipid vesicles (MLV), normally a %10 m/v of the desire 

lipid was prepared. The process involves evaporating chloroform under nitrogen flow and 

desiccating over night following by rehydration of the lipid with buffer. Phosphate buffer, Tris 

buffer, and DI water at different pHs, depending on the nature of the experiments were used on 

demand. 

 

3.2.3. Lipid deposition 

An aliquot (~20 uL) of the desired lipid was deposited at 45 oC on each AAO-QCM 

crystal with a 10-13 microns thickness and an average pore diameter of 40-78 nm and left to 

completely dry out for 30 minutes at room temperature. In order to remove extra lipid molecules 

from the surface, the crystal was bath sonicated for 1h at 35 oC and carefully cleaned with Q-tips.  

 

3.2.4. AAO coated crystal porosity characterization 

The porous properties of the crystal were then characterized by water 

adsorption/desorption isotherms obtained from putting the crystal in a vacuum chamber (Dr. 

Krim lab, NCSU) and following by measuring the frequency changes over changing the water 

pressure at room temperature. The frequency changes versus the reduced pressure of water in a 

vacuum chamber has been plotted in Figure 3.4. As shown in the plot, the frequency decreases as 

the water pressure increases meaning that more mass is gained by the crystal. This plot is similar 
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to type V gas adsorption/desorption isotherm44 related to mesoporous materials with uniform 

nanopore sizes ranging from 50 to 100 nm. The hysteresis between adsorption and desorption 

lines is due to capillary condensation of water vapor in AAO nanopores.  
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Figure 3.4. Water adsorption/desorption isotherm on QCM-AAO (F1 sample) at room temperature. 

 

The highest frequency change at the end of isotherm (P/Po = 1) was used to calculate the 

pore diameter. The amount of absorbed water by the crystal and the pore volume are given by 

eqn. 3-3 and eqn. 3-4, respectively43. 

Vp = (fh)ZAe/(2fo
2)p                                                                                                                      3-3 

d = 4 Vp/As                                                                                                                                    3-4 

Where fh is the frequency change, fo is the initial resonance crystal frequency, Ae is the area of 

top surface of electrode (0.28 cm2), As is the total surface area of the pores, and Z is equal to 

9507260 kgm2s-1. According to the Brunauer-Emmet-Teller45 (BET) theory, the absorbed 
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monolayer of gas (Vm) and the affinity of gas absorption on a solid surface (c) was measured 

using the following formula.  

𝑝

𝑣(𝑝0−𝑝)
= 

𝑐−1

𝑣𝑚𝑐
 (

𝑝

𝑝0
) + 

1

𝑣𝑚𝑐
                                                                                                            3-5                

Where v is the volume of water vapor, P is the pressure at time t and Po is the maximum 

pressure. According to this formula, the frequency is directly proportional to the adsorbed 

volume of water. Therefore, by plotting P/(f(Po-P)) versus P/Po, we can find Vm and c from the 

intercept and slope of the plot (Figure 3.5). It should be mentioned that the BET theory is valid in 

the P/Po range from 0.05 to 0. 35 where the P/(f(Po-P)) changes linearly upon P/Po changes.  

 

Figure 3.5. BET plot for QCM-AAO obtained from water adsorption/desorption at room temperature. 

 

The surface area can also be calculated from the following formula. 

As = VmNAS/V                                                                                                                             3-6                                                            
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Where V and S, respectively are molar volume and adsorption cross section area of adsorbed 

water. The AAO coated crystals were further characterized by scanning electron microscopy. 

Fiqure 3.6 shows SEM pictures with uniform narrow pore diameter distribution of two of our 

QCM-AAO crystals.  

 

Figure 3.6. Pore size distribution (left) and SEM images (right) of two QCM-AAO crystals (obtained by 

Dr. Antonin Marek). 

 

The temperature dependence of the frequency of a regular AT-cut QCM crystal is 

reported to be 8 Hz/oC. We ran a QCM experiment without lipid bilayer deposited on top our 

QCM-AAO crystal within the temperature range that we normally use to observe DMPC phase 

transition or the bilayer-peptide interactions (17-34 oC) as a control experiment. Figure 3.7 

shows that the frequency of QCM-AAO crystals changes by ~10.9 Hz upon changing the 

temperature by 1 oC.  
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Figure 3.7. Frequency change versus temperature of a QCM-AAO crystal. 
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3.3. Results and Discussion 

3.3.1. DMPC phase transition 

The phase transition temperature of lipid from gel phase to liquid phase plays an 

important role in lipid deposition. In liquid phase lipids are more mobile which makes it a lot 

easier for lipid molecules to freely insert into AAO nanopores. According to the literature, 

DMPC has a phase transition temperature36 around 24 oC. Changes in the frequency and 

conductance were monitored by the Q100 QCM device upon temperature sweeping between 19 

to 29 oC to ensure the temperature range covers the Tm of DMPC. After a stable layer of 

supported DMPC lipid bilayers were formed in AAO pores, two consecutive cooling and heating 

cycles were performed at a very slow rate of 0.066 oC/min.  Figure 3.8 shows the recorded 

frequency shift/temperature change over time (top), and the frequency shift versus temperature 

(bottom). The later exhibits a regular frequency behavior upon changing temperature by showing 

nice sharp and perfect transition from liquid to gel phase for DMPC, which is reminiscent of the 

enthalpy jump and its heat capacity derivative from calorimetric measurements with comparable 

method accuracy.  

The significant sharpness of the transition, which occurs in less than 0.6 oC, indicates that 

the transition in nanoconfined supported lipid bilayer of pure DMPC is highly cooperative. The 

frequency change for DMPC phase transition using regular QCM crystal has been reported to be 

~1.5 Hz which is really marginal compared to our ~1000 Hz change in frequency using QCM-

AAO crystal. Our crystal has incredibly higher surface area (~ >80 cm2) compared with a regular 

AT-cut quartz crystal (~2 cm2), due to having a thin (10 micron) highly porous film of AAO on 

top. The higher surface area means more room to deposit lipid bilayer on the crystal (more 

loaded mass) leading to observe a bigger change in the frequency and conductance.  
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Figure 3.8. Top panel: the frequency shift (blue) and temperature change (black) of DMPC versus time; 

bottom panel: the frequency shift versus temperature. 
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A similar approach was used to plot for recorded conductance changes upon changing 

temperature. Figure 3.9 shows the conductance/temperature change over time (top), and the 

conductance versus temperature (bottom). The conductance is inversely proportional to the 

resistance which means the resistance is higher at gel phase with lower conductivity meaning 

that more oscillation energy is dissipated at gel phase. The conductance results are more reliable 

regarding changes in bilayer structure when phase transition occurs, thus along with frequency 

results, one could draw more accurate conclusions. Similar patterns were observed in both 

frequency shift and conductance versus temperature. However, the transition looks sharper and 

smoother in conductance profile. Higher thickness and viscosity of lipid bilayer at gel phase is 

the main reason why we observe higher energy dissipation and lower oscillation frequency at gel 

phase rather than liquid phase38.  

For both frequency shift and conductance profiles, the heating and cooling branches from 

two cycles have nicely overlaid each other during temperature variations suggesting high 

reproducibility of our measurements. Except for the first phase transition which normally is 

bigger than the rest of the cycles (data not shown), phase transitions from second to fifth 

temperature cycles show almost identical phase transitions with a small upward shift in the 

frequency due to loosing small amount of loaded DMPC as the phase transitions happen. There 

is a hysteresis of ~0.6 oC between cooling and heating curves which is smaller than what have 

been previously reported for DMPC SLBs due to smaller scan rate that we used in our study in 

compare with previous studies (0.2 oC/min).  

The hysteresis is believed to be influenced by the interactions between lipid bilayer and 

the support surface39. Another reason could due the fact that in our experiments we read the 

temperature of the bulk solution rather than the immediate film above the surface. Lowering the 
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thermal connectivity of bulk solution also enforces a bigger temperature lag between heating and 

cooling branches. In general, trying several ways such as decreasing scan rate, increasing thermal 

connectivity of the bulk solution, and reading temperature from the closest distance possible 

from surface will help getting smaller temperature hysteresis.    

The biggest problem with previous studies on detecting the phase transition temperature 

of DMPC in a SLB system by QCM was that the recorded temperature dependent 

frequency/dissipation change was mainly due to the changes unrelated to the state of lipid. These 

changes were mostly due to the changes in the viscosity of the bulk solution as a function of 

temperature. Decreasing temperature increases the viscosity of a liquid (bulk solution in our 

case), which in turn increases the damping of the resonance (i.e. increases the dissipation) and 

decreases the frequency of oscillation. The frequency and dissipation changes in previous studies 

were dominated by these effects unrelated to the lipid’s behavior that made it impossible to 

directly read out the transition parameters from QCM measurements. Therefore, using different 

methods such as taking first/second derivatives or using reference measurements to extract 

transition parameters from raw data was inevitable.  

In our measurements, the significant phase transition entirely dominates the temperature 

effects unrelated to lipid behavior, thus enables us to directly measure the Tm value for DMPC 

lipid. We simply consider 24.3 ± 0.1 oC, the mid-point value between heating and cooling curves 

at half, as the Tm value of DMPC in SLB form.  
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Figure 3.9. Top panel: the conductance (blue) and temperature change (black) of DMPC versus time; 

bottom panel: the frequency shift versus temperature. 
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The Tm value we measured is identical in both frequency and conductance profiles and is 

in good agreement with the Tm value of DMPC in free standing liposomes (24 oC).  This Tm 

value is closer to the Tm value for DMPC in liposome form in compare to the value that reported 

by Peschel et al. in their observation 42 for DMPC (24.9 oC) deposited on a silica coated QCM or 

the value that Tufenkji et al. reported41 (22.5 oC) in their studies. The difference in Tm Value 

between SLB and free-standing form has been attributed to some features like the effect of 

curvature in liposomes or the loss of entropy due to the restriction of out-of-plane motion in 

SLBs46. The cylindrical bilayer curvature in nanopore confide bilayers of our system might 

explain why our results are closer to the free-standing system. 

 

3.3.2. DPPC phase transition 

DPPC is known to have a small pre-phase transition before going through the main 

transition47, 48. According to what have been observed in DSC and Isobaric heat capacity 

measurements38, four phases were encountered upon heating up the bulk DPPC. In an increasing 

temperature order these phases are, the sub-gel phase (Lc), the gel phase (L), the ripple phase 

(P), and the liquid disordered phase (L), respectively.  The small pre-phase transition 

corresponds to transitioning from the gel phase to the ripple phase (the L to P transition) and 

the temperature at which this transition occurs is shown as Tp. The transition from the ripple to 

liquid phase is commonly addressed as the main phase transition (Tm) of bulk DPPC. The pre-

phase transition of DPPC have been studied using different techniques, such as DSC, and EPR 

spectroscopy. However, using the QCM approach was not successful in detecting such a small 

transition mainly due to small amount of lipid loaded onto the crystal or fast scanning rates that 

were used38.  
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Figure 3.10. Top panel: the frequency shift (blue) and temperature change (black) of DPPC versus time; 

bottom panel: the frequency shift versus temperature. 
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After a stable sample of supported DPPC bilayer were prepared by depositing an aliquot 

of 20 uL of DPPC vesicles (%10 w/v) into the nanopores of an AAO coated crystal at 45 oC, the 

temperature dependent behavior of DPPC was observed by a Q100 QCM device. Figure 3.10 

shows the recorded frequency shift/temperature change over time (top), and the frequency shift 

versus temperature (bottom) over cycling temperature between 45 oC and 26 oC (for two times 

and at a rate of 0.066 oC/min) to ensure both Tp and Tm are covered. A similar approach was used 

to depict the temperature dependent behavior for conductance and it is shown in Figure 3.11. 

Both frequency shift and conductance change versus temperature profiles (bottom panels) 

show a significant sharp and perfect transition with a mid-point half transition value of 41.4 oC 

corresponding to the main phase transition (Tm) of DPPC. The significantly large frequency 

shift/conductance change value of this transition is due to the increased active surface of the 

AAO-crystal allows us to incorporate much larger amount of DPPC into nanopores, therefore 

enabling us to easily detect the main phase transition (P to L) at 41.4 oC.  

The pre-phase transition (Tp) could not be detected from the frequency shift profile due to 

the anomalies in frequency shift around the expected temperature. However, this transition could 

easily be detected on conductance profile proving that the conductance data are more reliable 

regarding to extracting transition parameters. This transition is observed as a small rather 

significant transition centered at 30.6 oC that corresponds to the transition from gel phase to 

ripple phase (L to P).  

The pre-phase transition is so small to be peaked even by scanning calorimetry. Several 

attempts on studying phase behavior of DPPC by QCM has been reported38, however, only the 

main phase transition was detected. Even, in that case, the frequency shifts that they reported 

were so small and noisy and, in some cases, could not be detected unless by taking first 
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derivative. Here, we detected both main and pre-phase transitions for DPPC with comparable 

accuracy and precision to conventional methods. To our knowledge, this is the first time that the 

pre-phase transition of DPPC was detected by QCM. The Tm value we observed for main phase 

transition of DPPC in a SLB system is in good agreement with previous works on DPPC in SLB 

system or freestanding liposomes. However, the pre-phase transition value we observed was 

oddly smaller than the value (~34.5 oC) reported by using DSC49. This issue may originate from 

extracting the transition parameters from running measurements at the fundamental frequency. 

The Q100 works only based on the fundamental frequency without providing the 

opportunity to study higher harmonics. The fundamental frequency gives information more about 

the bulk solution near the surface rather than the immediate film on the surface itself. The higher 

harmonics on the other hand, give information about the thin film on the surface. The vector 

network analyzer enabled us to monitor the frequency and dissipation behavior at higher 

harmonics, at the same time. Therefore, we ran a similar experiment on the 3rd overtone by our 

VNA device.  

Another feature of VNA is that it enables us to better investigate the lipid phase behavior 

and get useful information regarding bilayer structure by directly measuring both frequency and 

dissipation simultaneously at any desired overtone. After saturated adsorption of %10 (w/v) 

DPPC lipid vesicles on AAO-coated QCM crystals that lead to formation of multilamellar DPPC 

bilayers inside nanopores, the crystal was carefully washed before taking the QCM 

measurement. 
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Figure 3.11. Top panel: the conductance (blue) and temperature change (black) of DPPC versus time; 

bottom panel: the frequency shift versus temperature. 
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Using a VNA QCM, both frequency and dissipation responses at the third overtone of the 

main frequency (Figure 3.12) was taken by increasing the temperature from 26 oC all the way up 

to 48 oC, where the temperature was decreased down to 36 oC. Then, the measurement was 

continued with a couple of temperature cycling between 36-48 oC. The smaller frequency shift 

(968 Hz) occurs at 34.9 oC corresponding to transitioning from gel to ripple phase. The main 

phase transition from the ripple to liquid phase on the other hand is a significant frequency shift 

(4043 Hz) that was observed at 41.6 oC.  

 

Figure 3.12. Frequency shift (black line) and dissipation change (blue line) of DPPC versus temperature. 
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The dissipation change follows a mirror like pattern with respect to the frequency shift. 

Both pre-phase and main phase transitions are observed in dissipation plot (the blue curve). 

However, the pre-phase transition seems to be more significant in dissipation rather than the 

frequency shift. To check the reproducibility of the measurement, after increasing the 

temperature to 48 oC, the temperature was programed to cycle between 48 oC and 36 oC (a 

temperature gap big enough to cover the main phase transition). Surprisingly, on the second 

measurement, both frequency and dissipation shift for the main phase transitions almost 

decreased to half of the original values from first temperature sweep.  

 

Figure 3.13. Frequency shift of DPPC versus temperature. 
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Figure 3.13 shows that in a multiple temperature cycling experiments, the frequency shift 

over the phase transition after a drastic decrease between first and second cycles, slowly gets 

smaller for next temperature cycles indicating that the smaller number of lipid molecules 

participate in phase transition as we keep cycling temperature around the phase transition 

temperature. However, it is safe to say that the phase transition frequency shift remains 

reversible for a few temperature cycles (except for the first cycle). To determine the main phase 

transition temperature of DPPC lipid, the change in the frequency behavior upon increasing 

temperature from the second temperature cycle has been shown in the Figure 3.14. The 

frequency shift from the first cycle always shows significantly larger frequency shift than next 

cycles due to many lipid molecules in the form of intact vesicles loosely attached to the surface 

of the crystal or inside the pores leaving the crystal right after the first phase transition.  

The frequency shift after subtracting baseline is ~1850 Hz. This transition is due to 

Higher thickness and viscosity of lipid bilayer at gel phase suggesting higher energy dissipation 

and lower oscillation frequency at gel phase rather than liquid phase. However, there could be 

another contribution to frequency shift corresponding to lipid molecules getting in and out of the 

pores due to the bilayer 2D expansion (when the temperature is increasing). The bilayer is 

thicker and stiffer below the phase transition. Below the phase transition, lipid molecule acyl 

chains are uniformly ordered in a thicker bilayer with less corresponding area per lipid molecule. 

However, above the Tm, lipid molecules need more surface area to freely move around. 

Therefore, the bilayer gets thinner but the area per lipid molecule increases which leads to 

pushing some lipid molecules out of the pores. This leads to increasing the frequency in response 

to loosing mass. This effect might also be the reason why the phase transition gets smaller and 

eventually vanishes over multiple temperature cycling.  
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Figure 3.14. The reversible frequency shift (and its Boltzmann fit) of DPPC versus temperature.  

 

By comparing the frequency change of bare crystal when dunk in water with of the one of 

DPPC SLB system and measuring the mass of water occupying the void space inside the pores 

before and after deposition we figured that the lipids (when deposited in extra amount) typically 

occupy ~60% of the pore volume (data not shown). After several temperature cycles around 

phase transition temperature, lipids gradually are washed out from the inner shells until about 

47% of pore volume which almost was equal to the volume of only one lipid bilayer.  

At the same time the phase transition curve became smaller and eventually got flattened 

even though there still were some lipids left in the pores that even with external wiping and 
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sonication did not leave the pores. This suggest that somehow the very outer lipid bilayer, the 

one that directly in connected to the AAO surface does not involve in phase transition curve due 

to strong lipid-surface interaction. This data is supported with our results taken from different 

experiments on measuring the phase transition temperature when the pore size changes using the 

a Q100 QCM device. According to our results (data not shown) the phase transition frequency 

shift gets smaller and broader as the pore size gets smaller. The pore size limits the number of 

lipid bilayers confined into the pores (see Chapter 2). For example, for a pore size of ~30 nm of 

AAO, only one single lipid bilayer can be formed inside the pore.    

Just like DMPC, several approaches have been previously used to extract the parameters 

of DPPC phase transition from QCM measurements and separate them from temperature effects 

unrelated to lipid’s behavior. Some used a reference measurement using a bare crystal that later 

was subtracted from the SLB results38, 39, while others used approaches that heavily built on 

temperature derivative of frequency and dissipation33. Unlike previous approaches, in our 

method, the phase transitions are so significant that there is no need for either using a reference 

measurement or taking temperature derivative of our results.  

The Tm of DPPC was measured at 41.5 oC, which is defined as the mid transition point of 

the Boltzmann fit of the DPPC frequency respond to temperature variation. This is in accord with 

the is accord with the main phase transition temperature reported in literature49. The pre-phase 

transition temperature of 34.9 oC measured by the VNA device is also in accord with the value 

reported by other methods such as DSC, or EPR. 
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3.4. Conclusion 

In summary, we present a new approach for the direct detection of phase transitions in 

lipids in supported lipid bilayer (SLB) systems by QCM. In addition, structural effects during the 

phase transition could be addressed by interpretation of both frequency and dissipation changes 

over phase transition. The QCM techniques is label-free with no calibration needed with 

comparable precision and accuracy as calorimeter, in studying temperature dependent lipid 

behaviors. The pre-phase transition of DPPC was detected by QCM for the first time thanks to 

the high surface area of AAO coated crystals that enabled us to load much larger amount of lipid 

bilayer on the surface compare to previous works. We addressed the issue of the need for 

different approach to extract the phase transition parameters by directly reading the phase 

transition temperatures from the mid-point half transition temperature. The obtained results can 

be taken as a starting point for further investigations on more complex lipid mixtures.  
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CHAPTER 4 

Melittin Bilayer Disruption Model 

 

4.1. Introduction 

The increasing number of antibiotic resistant bacteria is one the biggest health concern 

these days that demands finding another approach to overcome bacterial diseases50. 

Antimicrobial peptides are a promising solution as bacteria are less resistant against them. In 

addition to their anticancer activity, it has been shown that antimicrobial peptides have activity 

not only against bacteria, but also a vast spectrum of other microorganisms including fungi, 

viruses, and parasites51.  

Melittin is an antimicrobial peptide consisting of 26 amino acids and is an active component of 

the honey bee venom (Figure 4.1). It has a positive 5 net charge and is well known for its 

cytolytic properties due to the lysis of cells52. One possible bilayer disruption mechanism by 

melittin says that melittin peptides insert into lipid bilayers forming pores and after a certain 

concentration reaches, they completely disrupt the bilayer structure.  

 

Figure 4.1. Ribbon model of a melittin dimer. 
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4.1.1. Models of melittin interactions with lipid bilayer membranes  

As an antimicrobial peptide, melittin was proved to be toxic to both microorganisms and 

mammalian cells53. This means that melittin is active on both zwitterionic and negatively 

charged membranes. A few different models for melittin mode of action on lipid membrane have 

been proposed. However, the barrel-stave and carpet-like models have been mainly proposed as 

the effective mechanisms of melittin antimicrobial mode of actions54. In the barrel-stave model, 

melittin monomers insert into a lipid bilayer making the pores. In the carpet-like model, melittin 

binds to the surface of the lipid bilayer in a horizontal fashion until a threshold concentration of 

melittin is reached. Here we describe these two models further in details.  

 

Figure 4.2. Two different models for disruption of lipid bilayer by melittin53. 

 

“Barrel-stave” model for transmembrane channel/ pore formation  

Barrel-stave was the first mechanism suggested in early studies by which antimicrobial 

peptides presumably kill microorganisms55-62. This mechanism describes a process of 

transmembrane channel/pore formation by bundles of amphipathic -helical peptides. The 

amphipathic -helical peptides form these pores in a way that their hydrophilic surfaces point 
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producing an aqueous channel and their hydrophobic surfaces point outward to better interact 

with the lipid core of the membrane (Figure 4.2, right panels). Based on this definition a crucial 

step in the barrel-stave mechanism requires peptides to recognize one another monomers and 

associate on the surface of the membrane before insertion. The low dielectric constant and 

inability to establish hydrogen bonds make it energetically unfavorable for a single amphipathic 

-helix to insert the membrane as a monomer. For antimicrobial peptides with a large number of 

hydrophilic amino acids such as lysines or arginines in their backbones, it is highly unlikely to 

disrupt bilayers via barrel-stave mechanism due to inability to form transmembrane pores.  

Basically, peptides with two main properties can insert into bilayers and make pores. 

First, their interactions with the target membrane is mainly ruled by hydrophobic interactions. 

Secondly, if in case of amphipathic -helical structure, their net charge along the peptide 

backbone should be close to neutral63. The peptides that meet these requirements will bind to 

phospholipid membranes regardless of the membrane charge and will be toxic to both bacteria 

and normal mammalian cells. Pardaxin53 and alamethicin64 are two examples of peptides that 

have been reported to use the barrel-stave mechanism to kill bacteria and lyse erythrocytes.  

 

“Carpet” mechanism for membrane permeation/ Disruption  

Further studies revealed a new mechanism significantly different from the barrel-stave 

mechanism specially on the initial steps involved in the interaction of antimicrobial and lytic 

peptides with membranes, a new mechanism that was referred to as the carpet mechanism. Some 

examples of first antimicrobial peptides that the carpet-like model was used to describe their 

mode of action include dermaseptin S65, cecropins66, caerin1.167, Trichogin GA IV68, and 

diastereomers of lytic peptides69. According to the carpet model (Figure 4.2, left panels), lytic 
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peptides first bind onto the surface of the target membrane normally due to the electrostatic 

interactions between positively charged peptides and negatively charged of polar headgroups of 

lipids in membrane. During this step the peptides cover the membrane surface in a “carpet”- like 

manner. In the second step, the membrane permeation occurs after a threshold concentration of 

bound peptides has been reached. Finally, increasing peptide concentrations leads to membrane 

disintegration. The high concentration that leads to membrane disintegration might form either 

after all membrane surfaces is covered with peptides or on some regions of membrane where 

some carpet structures are locally formed.  

In the carpet model, not only peptides are not inserted into the hydrophobic core of the 

membrane (left panels in Figure 4.2), but also, they do not assemble with their hydrophilic 

surfaces facing each other, due the high density of positive charges along these surfaces. 

Basically, in carpet model, the peptides are in contact with phospholipid head groups during the 

entire membrane permeation process and in sometimes adopting different secondary structures 

upon binding to the membrane is expected.  

Four steps proposed to be involved in this model from the moment the antimicrobial 

peptide is introduced to the moment the membrane collapses. These four steps are as follows: (i) 

Peptide monomers initially bind to the phospholipid headgroups; (ii) the peptide monomers 

bound to the surface align in a way that their hydrophilic surface is facing the phospholipid 

headgroups or water molecules (Figure 4.2A); (iii) The bound peptide reorient (rotate around 

their helical axes) in a way that their hydrophobic residues face the hydrophobic core of the 

membrane leading to the formation of a different secondary (Figure 4.2B); and (iv) 

disintegrating/disrupting the membrane by disrupting the bilayer curvature (Figure 4.2B, C). 
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 In some cases of antimicrobial peptides such as dermaseptin53, magainin57 and 

protegrin70 that follow the carpet mechanism, the pore formation was proposed as an early step 

of membrane disintegration right before the membrane collapses (Figure 4.2B). In general, 

peptides that their mode of action are described as the carpet model mostly have three important 

features. First, a highly positive net charge is spread along their backbone chain. Secondly, they 

have zero or weak interactions with zwitterionic membrane, and therefore, are not hemolytic. 

Finally, as long as a certain level of hydrophobicity and number of positive charges are 

preserved, no preferable structure is required. 

NMR spectroscopy71, confocal laser scanning microscopy72, and QCM73 are some 

common techniques that already been used to describe the bilayer disruption mechanism by 

melittin. Here, in this study we used a combination of QCM and solid-state NMR analytical 

techniques as two complementary approaches to study the binding kinetics and structural effect 

of melittin on lipid membrane. Basically, we employed macroscopically aligned tubular lipid 

bilayers confined inside cylindrical nanopores of anodic aluminum oxide (AAO) as a versatile 

nanotechnology platform to study membrane interactions of antibacterial peptides of melittin, 

kinetics of peptide binding to lipid nanotubes and the eventual lipid removal/lysis for melittin 

were observed by quartz crystal microbalance (QCM) using a crystal with an in-house fabricated 

nanostructured surface while the structural changes in bilayers were monitored by solid state 

oriented sample NMR. The main advantage of the lipid nanotube AAO platform is in its versatile 

applicability to various biophysical methods such QCM and NMR under essentially the same 

environmental conditions such as pH, ionic strength, temperature, etc. and exceptionally broad 

range of lipid bilayer compositions10. 

 



   

73 

 

4.2. Materials and Methods 

5 MHz polished QCM crystals (1” diameter) with aluminum (part number QM1010) 

electrodes on the liquid facing side were purchased from Fil-Tech (Boston, MA). The QCM’s 

were specifically designed for operating with one surface immersed in a liquid at a fundamental 

transverse shear mode. The aluminum QCM samples were anodized using a literature43 method 

that grows an alumina layer at the rate of 2 μm/h. The pre-deposited thin layer aluminum oxide 

was anodized on the quartz crystal yielding a QCM crystal with a layer of nanoporous AAO on 

top.  

QCM data were collected using a vector network analyzer (VNA TR1300/1) system. The 

system includes a controller, oscillator electronics and a Teflon holder and a flow cell that 

exposes one side of the crystal to approximately 0.15 mL of liquid, as well as providing 

mechanical support and electrical connections to the QCM electrode. The fundamental frequency 

gives information more about the bulk solution near the surface rather than the immediate film 

on the surface itself, thus gives noisy and unreliable data. The higher harmonics on the other 

hand, give information about the thin film on the surface. We have picked the 3rd harmonic in 

our measurements. All NMR experiments have been performed using a Bruker Avance II 

spectrometer operating at 300 MHz 1H frequency and running TopspinTM 3.2 software (all from 

Bruker Biospin, Billerica, MA). Static Bruker square-coil and 7 mm round-coil DOTY probes 

were utilized.  

All lipids were purchased as chloroform solutions (25 mg/ml) from Avanti Polar lipids 

(Alabaster, AL). Melittin (%97 purity) was purchased from SERVA. 1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphocholine is a zwitterionic phospholipid (Figure 4.3) which has been used as a 
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lipid model to prepare nanopore confined lipid bilayer for 31P SS NMR experiments normally 

measured at 40 oC.  

 

Figure 4.3. Chemical structure of POPC. 

 

1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt) is a negatively 

charged lipid (Figure 4.4) that was used to increase the negative charge of the bilayer surface in 

31P SS NMR measurements.  

 

Figure 4.4. Chemical structure of POPG. 

 

1,2-dimyristoyl-sn-glycero-3-phosphocholine is a zwitterionic phospholipid (Figure 4.5) that was 

used as a lipid model to prepare nanopore confined lipid bilayer for QCM measurements. 

 

Figure 4.5. Chemical structure of DMPC. 
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1,2-dimyristoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt) is a negatively charged 

lipid (Figure 4.6) that was used to increase the negative charge of the bilayer surface in QCM 

measurements. 

 

Figure 4.6. Chemical structure of DMPG. 

 

   4.2.1. Multilamellar lipid vesicles preparation 

In order to prepare multilamellar lipid vesicles (MLV), normally a %10 m/v of the desire 

lipid was prepared. The process involves evaporating chloroform under nitrogen flow and 

desiccating over night following by rehydration of the lipid with buffer. Phosphate buffer, Tris 

buffer, and DI water at different pHs, depending on the nature of the experiments were used on 

demand.  

   4.2.2. AAO deposition 

 An aliquot (~7 L) of the desire lipid was deposited on each 4x8 mm anodic aluminum 

oxide (AAO) strip with a 72-micron thickness and an average pore diameter of 78 nm and left to 

completely dry out for 30 minutes at room temperature. Then strips were rehydrated with DI 

water and 5 strips were packed into a glass tube (5mm in diameter) for each 31P SS NMR 

experiment. A similar approach was used to deposit lipid samples on QCM crystals. A pre-

deposited thin layer aluminum oxide was anodized on the quartz crystal yielding a QCM crystal 

with a layer of nanoporous AAO on top. The porous properties of the crystal were then 

characterized by water adsorption/desorption isotherms obtained from putting the crystal in a 
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vacuum chamber (Dr. Krim lab, NCSU) and following by measuring the frequency changes over 

changing the water pressure at room temperature.  



f-D plot 

f-D plot is a great approach to present the effect of an antimicrobial peptide on lipid 

bilayers50. Basically, it tells us how bilayer structures change upon peptide introduction. The plot 

consists of a number of discrete points representing the values of f and D at any particular 

point in time (after peptide introduction to the bilayer). Since increasing mass uptake (m) on the 

crystal is proportional to the negative value of frequency shift (-f), The frequency shift values 

are plotted in reverse on the x-axis (from positive to negative) to better represent mass increase. 

D values are plotted on the y-axis (Fig. 1). Time is not included in this plot as an explicit 

parameter, can be inferred in a way that the point (x, y) corresponds to ftime= Ft – F0, where Ft is 

the oscillation frequency at time = t and F0 is the frequency at the start point. A same formula 

applies to dissipation.  

Many useful information such as kinetic information, mechanistic processes, and in 

general peptide behavior can be extracted from f-D plot interpretation. As for kinetic 

information, where points are closely spaced the process is slow and where they are spread out 

the process is faster. To better understand the mechanistic processes upon peptide introduction, it 

is useful to draw an arrow beginning at start of a process pointing to toward the end of that 

process. Basically, whenever the direction of the f-D trace changes means that a different 

process is occurring.  
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Figure 4.7. Interpretative guide for f-D plots. From left to right suggest mass gain as frequency 

decreases. From top to bottom suggests more rigidity in the film on the surface as dissipation decreases50. 

 

 

Figure 4.7, represents a guide plot that indicates the mechanical changes in the bilayer 

(basically closest layer of material covering the crystal surface) based changes in arrow’s 

direction. If the arrow is pointing toward lower dissipation (i.e. south), the process is causing the 

bilayer to become more rigid; conversely, if the arrow is pointing toward higher dissipation 

(north), the bilayer is becoming less rigid. when pointing east, the process increases the mass of 

the layer close to the surface. Finally, there is mass loss from the bilayer when the arrow is 

pointing west. Any combination of two mechanical changes in the bilayer is also expected. For 

example, a south-east arrow suggests an increase in mass with a corresponding increase in 

rigidity.  
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4.3. Results and Discussion 

Two aliquots of 10 uL of pure DMPC and DMPC/DMPG with 7:3 molar ratio (both with 

%10 w/v concentration in HEPES buffer at neutral pH) have been separately deposited on a 

regular 1-inch diameter AT-cut QCM crystal with a nanoporous layer of AAO on top (with 

~13M in thickness and an average pore size of 45 nm). The depositions were performed at 40 

oC which above the phase transition of both lipids where the lipids are in liquid phase. The lower 

viscosity and higher mobility of lipid molecules ease up the deposition process and increase the 

efficiency of the lipid deposition onto AAO nanopores. The crystals were then let to get 

completely dried under a mild flow of Ar gas at room temperature. While still under the Ar 

purge, the frequency shift of two samples were measured by a vector network analyzer (VNA) 

device and the results were compared with the frequency shift of the bare crystal under the same 

Ar gas purge.  

Figures 4.8 and 4.9, show that value that we measured for the difference in frequency 

shift before and after lipid deposition of pure DMPC lipid was ~12.6 kHz which was very close 

to the value of ~12kHz that was measured for the mixture of DMPC/PG lipid. Considering that 

these two lipids have approximately the same mass, according to the Sauerbery equation30, this 

observation suggests that almost the same amount of lipid have been deposited into the pores. In 

fact, the observed values for the difference in the frequency shift before and after lipid deposition 

(measured under Ar gas flow and at room temperature) for all experiments we have carried out in 

this study were all lied within the range of 12 – 14 kHz for both pure DMPC and DMPC/PG 

lipids. The pore size plays an important role in the number of bilayers that could be formed 

inside a bilayer (see Chapter 2). For a pore size as small as 45 nm there is no room for two 

bilayers due to the high curvature pressure of inner bilayers in cylindrical form. This leads to 
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formation of only one bilayer and maybe some intact vesicles that occupy the empty space inside 

the bilayer deposited pores that mostly are filled with water. This explains why the value for 

difference in frequency shift before and after lipid deposition almost is a value within the 12 – 14 

kHz. This is also supported by the phase transition behavior of samples prepared in this study. 

The outer bilayer of SLB in AAO nanoconfined bilayer system does not act normal when the 

frequency shift behavior was measured over a temperature range around the phase transition 

temperature, due to strong surface-bilayer interactions. In most cases for single bilayer AAO 

nanoconfined SLB systems used in our study phase transition behavior were not observed. In a 

few samples though, a broad small frequency shift was observed that corresponds to change in 

bilayer thickness, density, and viscosity from gel to liquid phase transition. 

 

Figure 4.8. The frequency change in dry crystal (under Ar purge) before and after loading DMPC into 

nanopores. Data collected at 25 oC. 
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Figure 4.9. The frequency change in dry crystal (under Ar purge) before and after loading DMPC/PG 

mixture into nanopores. Data collected at 25 oC. 

 

The frequency shift of a DMPC loaded crystal in response to temperature change has 

been shown in Figure 4.10. This is an example of only few samples in which the phase transition 

behavior was observed. The experiment was run just as a qualitative test to see if the sample 

would show any frequency shift upon phase transition. For such purpose, the QCM crystal was 

placed into a double walled beaker connected to a water bath digital temperature controller. The 

beaker was carefully sealed to prevent the air flow in and out the beaker and minimize the heat 

loss.  
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Figure 4.10. Temperature variation plot (top), and the typical lipid phase transition indication using the 

change in frequency/Q-factor (bottom). 
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The temperature variation was programmed from 15 to 30 oC for one and a half cycles to ensure 

it covers the Tm of DMPC (24 oC). The black line on the temperature variation curve (top panel 

of Figure 4.9) shows the temperature of the water bath and the red line is the temperature reading 

from an Aurdino thermistor placed into the beaker.  

To assess the interaction between melittin and AAO nanoconfined supported lipid 

bilayers of pure DMPC and a mixture DMPC/PG lipid, the lipid loaded crystals were introduced 

to different concentration of melittin using a flow cell crystal holder and data were recorded as 

change of frequency or dissipation versus time. The frequency changes for both lipid samples 

versus time upon introduction of 50 M melittin into the measurement cell are shown in Figure 

4.11. Right after introduction of the peptides, they immediately interacted with the lipid bilayers 

leading to an initial decrease in frequency due to mass uptake, hereafter is referred to as binding 

step as the peptides bind to the bilayer.  

 

Figure 4.11. The frequency shift over time after introduction of 50 M melittin to pure DMPC (black 

line) and DMPC/PG mixture (red line). Data collected at 25 oC. 
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The frequency then keeps decreasing until a minimum, called saturation, is reached. After 

the bilayer gets saturated with peptides, the frequency is increased due to mass removal 

suggesting that the peptides disrupt the bilayer and take lipid molecules out. The first 5 hours of 

melittin introduction to the measurement cell is shown in Figure 4.12. 

 

Figure 4.12. The frequency shift over first 5 hours after introduction of 50 M melittin to pure DMPC 

(bottom plot) and DMPC/PG mixture (top plot). 
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Both pure DMPC and DMPC/PG mixture frequency change traces almost follow the 

same pattern in binding and mass removal steps. However, in compare with DMPC, the 

saturation lasts longer (almost for 14 hours) in PC/PG lipid mixture and the mass removal step 

occurs at much slower rate. In case of mammalian cell-like DMPC, the frequency instantly 

increases after it reaches the minimum value suggesting that melittin disrupts the bilayer quickly. 

On the other hand, for DMPC/PG mixture, the frequency stays stable around the minimum value 

for almost 5 hours and then slowly starts changing again due to electrostatic interactions between 

positively charged melittin and the negatively charged bilayer surface. Two key features could be 

suggested based on this phenomenon. First, the disruption mechanism can be described as a 

carpet-like model since increasing the density of negative charge on the membrane prolongs the 

binding process. Secondly, the potency of melittin is higher toward mammalian cells rather than 

bacterial ones. 

Despite having almost similar frequency traces, completely different dissipation traces 

for DMPC and DMPG supported lipid bilayers was observed.  Figure 4.13 shows dissipation 

change trace upon 50 M melittin introduction to both DMPC and DMPG supported lipid 

bilayers. In case of DMPC, the dissipation increases until it reaches a max value and keeps 

decreasing after that maximum. This is a pattern similar to the interaction of caerin 1.1 wild-type 

with DMPC membrane previously reported by McCubbin50 et al. On the, other hand, the 

dissipation trace for DMPG, the dissipation keeps increasing at different rates after melittin 

interacts with the bilayer.  
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Figure 4.13. The dissipation changes over time after introduction of 50M melittin to pure DMPC (black 

line) and DMPC/PG mixture (red line). Data collected at 25 oC. 

 

As a complementary tool to assess the mechanical effects of melittin on the bilayer, the 

f-D was used. Figure 4.14 shows the f-D trace of 50M melittin introduction to DMPC. 

Two major processes and one turning points are observed. During the first process the arrow 

points toward northwest. This means that the frequency decreases due to mass uptake 

corresponding to melittin binding to the bilayer. The dissipation, on the other hand, increases 

during the binding step which means the layer above the crystal surface gets less rigid as melittin 

binds to the bilayer. This process continues until the first turning point is reached. The first 
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process occurs rapidly (around 45 minutes after peptide introduction) meaning that the critical 

concentration of melittin needed to disrupt the bilayer reaches quickly. The second process (mass 

removal step), represented by a south-west arrow, starts right after the first turning point. During 

this process the frequency increases suggesting mass is rapidly lost as melittin removes lipid 

molecules in a form of lipid-peptide complex. However, the dissipation decreases meaning that 

the layer in close vicinity of the crystal gets more rigid as the lipid-peptide complexes leave the 

pores. 

 

Figure 4.14. The dissipation changes over frequency shift (f-D plot) after introduction of 50M 

melittin to pure DMPC. Data collected at 25 oC.  
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This suggests that DMPC bilayer is gets disrupted by melittin during the second process. It 

should be noted that a step-like sudden decrease in dissipation in the last process occurs that 

corresponds to a large peptide-lipid aggregates detaching from the surface (this was visibly 

confirmed as this aggregate clogged the tube for a moment).  

The f-D plot for introduction of 50M melittin to a mixture of DMPC/DMPG 

includes multiple processes with several turning points (Figure 4.15). However, the overall 

pattern is similar to the case of pure DPMC.  An overall north-east arrow sums up the binding 

process. By contrast to pure DMPC, this process includes several turning points at which the 

direction arrow changes before it reaches the main turning point that separates the binding and 

mass removal major processes. The dashed line at the very beginning of the binding processes 

indicates the initial rapid binding of melittin to the membrane surface. After the initial rapid 

binding process, the process slowly continues as it goes through multiple turning points that can 

be due to bound peptides rearrangements according to what we described as the multi-step mode 

of action of amphipathic peptides based on carpet-like model. 

The final process is represented by a south-west arrow indicating an increase the 

frequency while the dissipation is decreasing. Both pure DMPC and DMPC/DMPG mixture 

show similar behavior during in both frequency and dissipation the mass removal process. The 

frequency increases as melittin takes lipids out of bilayer structures and leave the pores while 

dissipation decreases as water replaces bilayer (which is softer than water). 
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 Figure 4.15. The dissipation changes over frequency shift (f-D plot) after introduction of 50M 

melittin to DMPC/PG mixture Data collected at 25 oC. 

 

 

 

Figure 4.16. Melittin binds as a monomer in the outer membrane leaflet interacting preferentially with 

anionic PG molecules (a). PG lipids gather around peptides, meanwhile peptides reorient in a way that 

their central hydrophilic residues facing the solvent and hydrophobic residues are in the hydrophobic 

region of the membrane (b). 
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The overall f-D plot seems to be similar in both pure DMPC and DMPC/DMPG 

mixture.  The only difference is in the binding process where due to electrostatic interactions 

between melittin and negatively charged lipids, the bound melittin go through some 

reorientations. Basically, the binding process is longer when melittin introduced to PC/PG 

mixture. First, melittin monomers bind to the bilayers surface preferentially interacting with PG 

lipids (Figure 4.16). The PG lipids, then reorients around bound peptide in way that local 

concentration of PG lipid around the bound peptides is significantly higher in compare with areas 

of bilayer with no bound peptides. To minimize the electrostatic tensions, the bound peptides 

then reorients in a way that their hydrophilic residues face the bulk solutions or Membranes polar 

head groups while their hydrophobic residues face the hydrophobic core of the bilayer. The 

hydrophobic parts of melittin might even partially insert to the bilayer.  

It should be noted that during the binding process in DMPC/PG mixture the frequency is 

always decreasing and all the turning points that differentiate this process from the one from pure 

DMPC are corresponding to the changes in dissipation. Therefore, the differences are attributed 

to structural changes in the bilayer. In good agreements with previous studies, these results 

confirm that melittin disintegrate lipid membrane by carpet-like mechanism50.  

As a complementary method we utilized 31P-NMR technique to further study the potency 

of melittin disintegrating both zwitterionic and negatively charged lipid membrane, and to 

investigate what happens to our supported lipid bilayer system after the membrane gets disrupted 

by melittin. When lipids are confined to AAO nanopores, the bilayers take on a cylindrical 

configuration with the bilayer normal parallel to the substrate outer surface. Therefore, when the 

AAO surface is perpendicular to B0, the resulting 31P spectrum is dominated by a resonance line 

at the frequency coming from the polar head groups of phospholipids.  
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Figure 4.17. 31P NMR spectrum of pure POPC (top) and of POPC/POPG with 7:3 molar ratio (bottom) 

deposited into nanoporous AAO. All data were collected at 4096 scans and 40 oC. 
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In this orientation, the correspondent parallel tensor from the powder pattern is 

canceled out due to the cylindrical orientation of bilayers confined into nanotubular AAO 

pores51. Figure 4.17 depicts the 31P proton-decoupled NMR spectrum of pure POPC (top panel) 

deposited onto nanoporous AAO (with an average of 78 ± 4 nm in pore size) that shows a 

relatively narrow signal at around -15 ppm with an exceptionally narrow line width of about 120 

Hz proving that the formed bilayer has essentially a uniform cylindrical structure aligned with 

the nanopores.  

The 31P NMR spectrum of the POPC/POPG sample with 7:3 molar ratio deposited into 

the same AAO strips (Figure 4.17, bottom panel) consists of narrow signals at around -12 ppm 

assigned to PG lipids and another signal at -15 ppm corresponding to PC lipids demonstrating 

formation of well aligned lipid bilayers inside the nanochannels. The ratio of two signal 

intensities is proportional to their molar ratio. In both cases, the sample was taken out of the 

probe and then a small aliquot (around 20 uL) solution of 50 μM melittin in DI water was added 

to the sample, kept for one hour at 45 oC, and a 31P NMR spectrum was measured again. The 

sample was kept in the probe for a few days and the 31P NMR spectrum was measured 

repetitively. Due to the long course of data collection (around fours for each run) the amount of 

melittin added was intentionally low to get a better comparison between zwitterionic and 

negatively charged membranes. The aim of this experiment was to study the effect of melittin on 

bilayer structure before the membrane disintegration.  
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Figure 4.18. 31P proton-decoupled NMR spectra of AAO-confined pure POPC (top), and POPC/POPG 

(bottom) vs. time of interaction with melittin. All data were collected at 4096 scans and 40 oC. 
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Figure 4.18 shows that after melittin introduced to pure POPC membrane (top panel), the 

intensity of 31P signal at -15 ppm decreases over time while another peak slowly appears and gets 

stronger at around -11 ppm indicating a formation of a new lipid structure upon continuing 

interactions between nanotubular POPC lipid bilayers and melittin. The pore size of AAO that 

was used is around 78 nm which is large enough to contain at least three bilayer shells inside the 

pores. The most inner bilayer is the first shell that gets affected by melittin.  

The main peak coming from perpendicular tensor gets broader and shifts to the left due to 

less mobility of lipids and deviation from ideal cylindrical bilayer formation, respectively. The 

appearance of a new signal at lower field suggests that the lipid headgroups orientations with 

respect to the external field in inner bilayer shells significantly get affected upon interaction of 

melittin in compare to outer bilayers. This leads to observing two distinguished 31P peaks 

corresponding to inner (melittin affected) and outer bilayers. It should be noted that at this 

melittin concentration (very low) it takes days for melittin to disintegrate the bilayer.  

The bilayer disintegration can be detected by an isotropic peak at 0 ppm corresponding to 

unoriented lipids removed from the bilayer structure by melittin (in a form lipid-melittin 

complex). Therefore, it is safe to assume that the new at -11 ppm is coming from the inner 

bilayers incorporated into the pores. These results are inconsistent with peptide insertion into the 

bilayer and pore formation. The pore formation mechanism specially at very low peptide 

concentration does not lead to significant changes in 31P NMR spectrum of nanoconfined 

bilayers. On the other hand, the effect of peptide on lipid mobility is expected in carpet-like 

mechanism due to direct interaction between peptides and lipid head groups which is in accord 

with our QCM results. A same pattern was observed for a mixture of POPC/POPG lipids (Figure 

4.18, bottom panel) which means that melittin does not discriminate between PC and PG lipids. 



   

94 

 

Both initial intensity of PC enriched and PG enriched peaks were decreased almost with the 

same rate after melittin introduction.  

Under the same conditions (the same concentrations of lipid and melittin) the observed 

decrease in the 31P NMR signal intensity over the same time period for a mixture of PC and PG 

lipids is slower than when pure POPC lipids are present. This result, which is in agreement with 

our QCM results, indicates the potency of melittin mode of action is higher toward PC lipids. In 

other words, by increasing the negative charge density on membrane surface, it takes longer to 

reach to the membrane disintegration point, due to stronger electrostatic interaction between 

negatively charge lipids and positively charged melittin.   

 

4.4. Conclusion 

As an amphipathic antimicrobial peptide, melittin believed to be highly toxic toward both 

mammalian cells and bacterial cells. The mechanism of melittin mode of action by which it 

disrupts lipid membrane have been widely studied. Different mechanisms such as “barrel-stave”, 

“carpet-like”, and “toroidal pore” have been previously suggested74. In the barrel-stave and 

toroidal pores, the binding process follows by insertion and pore formation in the membrane. 

These mechanisms are inconsistent with our oriented sample solid state 31P-NMR results as the 

polar head groups of lipids should not be significantly affected should melittin inserted into the 

hydrophobic core of bilayer. Our 31P-NMR results show that the melittin does not discriminate 

between PC and PG lipids and changes the mobility of both lipids by interacting with their polar 

head group suggesting a carpet-like mechanism by which peptides lie horizontally on membrane 

and cover the membrane surface. Our QCM results are in good agreement with QCM studies of 

other antimicrobial peptides such as caerin 1.1 that proved to disrupt bilayers by carpet-like 

mechanism50. Therefore, we propose that melittin disrupt both zwitterionic and negatively 
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charges bilayers by carpet-like mechanism. However, the potency of the mode of action of 

melittin is higher toward zwitterionic membrane.  

 

SUMMARY 

1) Nanotubular lipid bilayers can be formed within AAO nanopores by self-assembly from 

virtually any lipid composition and without the help of detergent and/or short-chain 

lipids. This technology enables studies of lipid-induced conformational changes of 

membrane proteins within an exceptionally broad range of environmental conditions such 

as temperature, pH, ionic strength, etc by a broad range of biophysical spectroscopic 

methods including oriented sample solid state (OS SS) NMR and EPR spectroscopy. 

2) A dramatic improvement (spectral linewidths of less than ca. 1 ppm) have been obtained 

in 2D SS OS NMR spectral resolution of membrane proteins reconstituted in lipid 

bilayers that are confined and aligned within anodic aluminum oxide (AAO) nanopores 

as compared to our previous studies has been demonstrated.  

3) From TGA results and 1D 31P NMR spectra it was shown that the amount of loaded 

POPC lipid and the pore diameter size are the two main factors that determine how many 

nanotubular bilayers are formed within the individual nanopore. The general rule of 

thumb is “the less the number of bilayers, the narrower 31P SS NMR linewidth” is. 

4) Spectral linewidths of ca. 1 ppm have been obtained for Pf1 coat protein reconstituted in 

AAO-supported lipid bilayers that are comparable to those observed in magnetically-

aligned bicelles. 

5) The obtained 2D SAMPI4 spectra of ca. 1.5 mg of uniformly-labeled Pf1 coat protein 

reconstituted in POPC and DMPC bilayers aligned within AAO nanopores show marked 
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differences, which are likely due to the different tilt angles of the Pf1 transmembrane 

helix in the two lipid environments. 

6) First proof-of-the-principle examples of OS SS NMR of fully hydrated liquid membrane 

protein samples was obtained at ultra-high magnetic fields (1.5 GHz and 900 MHz 

magnets from NHMFL at Tallahassee). The effects of temperature on the structure of Pf1 

in POPC bilayer were shown to be primarily related to changes in rotational protein 

dynamics.  

7) A new approach for the direct detection of phase transitions in lipids in supported lipid 

bilayer (SLB) systems by QCM was presented.  

8) The QCM techniques is label-free with no calibration needed with comparable precision 

and accuracy as calorimeter, in studying temperature-dependent lipid behaviors.  

9) The structural effects during the phase transition could be addressed by interpretation of 

both frequency and dissipation changes over phase transition. 

10) Increased surface area of QCM biosensor with integrated AAO nanopore structure 

increased sensitivity of the method and provided for detection of pre-phase transition in 

nanotubular DPPC lipid bilayers by QCM for the first time  

11) The need for different approaches to extract the phase transition parameters of substrate-

supported lipid bilayers was addressed by directly reading the phase transition 

temperatures from the mid-point of the QCM frequency curves.   

12) As an amphipathic antimicrobial peptide, melittin believed to be highly toxic toward both 

mammalian cells and bacterial cells. The mechanism of melittin mode of action by which 

it disrupts lipid membrane have been widely studied in the past.  
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13) Different mechanisms such as “barrel-stave”, “carpet-like”, and “toroidal pore” have 

been previously suggested.74  

14) In the barrel-stave and toroidal pores, the initial membrane binding process is followed 

by peptide membrane insertion and then pore formation in the membrane. These 

mechanisms are inconsistent with our oriented sample solid state 31P-NMR results as the 

polar head groups of lipids should not be significantly affected if melittin inserts into the 

hydrophobic core of bilayer.  

15) According to our 31P-NMR results show that the melittin does not discriminate between 

PC and PG lipids and changes the mobility of both lipids by interacting with their polar 

head group, thus, suggesting a carpet-like mechanism by which peptides lie horizontally 

on membrane and cover the membrane surface.  

16) Our QCM results are in good agreement with literature QCM studies of other 

antimicrobial peptides such as caerin 1.1 that proved to disrupt bilayers by carpet-like 

mechanism.50 Therefore, we propose that melittin disrupts bilayers composed of both 

zwitterionic and anionic lipids by the carpet-like mechanism. However, the potency of 

the mode of action of melittin was shown to be higher toward zwitterionic membranes.  

17) We conclude that nanopore-confined lipid bilayer systems provide SS OS NMR with an 

attractive alternative to magnetically-aligned bicelles. The obtained results can be taken 

as a starting point for further investigations on more complex lipid mixtures. 
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FUTURE WORKS 

To summarize, based on the progress we achieved with the nanoporous platform for lipid 

bilayers and membrane protein systems, we propose the following Specific Aims for the next 

phase of the project: 

1) To develop QCM with an integrated nanoporous surface into analytical tool to study lipid 

bilayers and protein-lipid, peptide-lipid, and drug-lipid interactions.  Including: 

a) Characterize temperature and phase transition changes in density and viscoelastic 

properties of bilayer nanotubes composed of lipids with different acyl chain length 

and polar head groups using AAO-QCM and compare with available literature data. 

b) Investigate effects of nanoscale curvature on density and viscoelastic properties of 

bilayer nanotubes using AAO-QCM. 

c) Utilize the data obtained for melittin and expand our studies to measure kinetics of 

interactions of other antimicrobial peptides with nanotube arrays composed of 

zwitterionic and anionic lipids in order to elucidate the underlying mechanisms. 

d) Carry out benchmark analytical AAO-QCM experiments of interactions/partitioning 

of model drugs with lipid bilayers as well as amyloid β-peptides, phospholipid-

hydrolyzing phospholipases, etc. 

2) To parallel QCM experiments described in the Aim 1 with SS NMR 31P measurement of 

lipid nanotubes macroscopically aligned in AAO in order to decipher changes in lipid 

bilayer structure upon protein- and/or peptide-bilayer interactions. 
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3) Expand high-resolution OS SS NMR studies of uniformly and selectively labeled 

transmembrane peptides by AAO-alignment methods to larger membrane proteins as 

those become available. These studies will shed the light on dynamics of membrane 

peptides in the native bilayer environment as limited data exist so far.      
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