
ABSTRACT 

Jimenez, Kianna. Advanced Nanoporous Materials for Magnetic Resonance of 

Biomacromolecules. (Under the direction of Dr. Alex I. Smirnov). 

 

Anodic aluminum oxide (AAO) membranes with macroscopically aligned nanopore 

structures have inspired much interest in the nanomaterial and nanotechnology field. With 

the ability to tune the AAO nanopore properties through enhanced anodization and chemical 

methods, these structures have become suitable for many applications, including an emerging 

field of bionanotechnology. One such application is the use of AAO membranes as templates 

to achieve unique macroscopic alignment of membrane lipids and membrane-embedded 

proteins folded into solvent-accessible nanotubular structures.  

Lipid bilayer membranes play a pivotal role in biology, including energy transduction 

events essential for biological function. While some of these roles are undoubtedly structural 

in nature, others may be related to the electronic structure, as indicated by the need for lipids 

with an anionic headgroup, such as PG lipids, for photosynthesis. Magnetic resonance 

methods are known to offer a wealth of data on the structure of these lipid systems. 

Previously, substrate-supported lipid bilayers were developed to investigate the arrangement 

and functionality of lipid membranes by magnetic resonance. However, the above-mentioned 

lipid membrane mimetics could only be formed from a relatively narrow class of lipids and 

lipid-like molecules and have several other restrictions such as temperature, pH, ionic 

strength, etc. More recently, anodic aluminum oxide membranes with tunable diameters from 

ca. 40 to 200 nm were utilized to promote the self-assembly of lipid nanotubular bilayers 

inside the pores. The macroscopic alignment of the lipid assemblies provided by such 

structures assists in characterizing the biophysical properties of nanopore-confined molecules 

by magnetic resonance methods such as NMR and EPR. 



The primary aims of this research project were (1) to advance nanoporous AAO 

fabrication methods by optimization of anodization techniques and exploring different pore 

surface modification methods with the goals of making such nanostructures conductive or 

semiconductive and (2) to investigate how surface electrostatic properties of nanotubular 

lipid bilayers confined in such nanopores are affected by the AAO fabrication procedures and 

pore geometry. For the latter, spin-labeling EPR of pH-sensitive stable nitroxide radicals was 

employed. Using an improved anodization method in H3PO4, we present the results of 

enhanced fabrication of AAO by mild anodization and pulse anodization to produce larger 

uniformly ordered nanopores of diameter d≈450 nm. Such large pores are considered 

essential for incorporating large membrane protein complexes such as Photosystem I and 

Photosystem II. Electroless deposition of conductive material into the AAO was also 

investigated to promote conductivity of the AAO substrate. It was found that there was 

insufficient deposition of the materials within the nanopores, which resulted in no 

conductivity. Finally, we employed spin-labeling EPR and pH-sensitive nitroxide radicals to 

assess the surface electrostatics of lipid bilayers through substrate-supported self-assembly 

within the AAO nanopores. A pH-sensitive headgroup labeled phospholipid probe (IMTSL-

PTE) synthesized at NCSU was fully integrated into the lipid bilayer. The lipids were 

deposited onto the substrate, forming cylindrical phospholipid nanotubes in the pores. EPR 

spectra of such membrane probe reported on its ionization state and, thus, local pH. These 

spectroscopic data aided in determining the local surface electrostatic potential of nanopore-

confined bilayers. By utilizing magnetic resonance approaches, more insight can be gained 

into the macromolecular dynamics of membrane lipids/proteins.   
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CHAPTER 1: INTRODUCTION 

 

1.1. Anodic Aluminum Oxide 

Initially utilized as a surface protectant, anodization of aluminum has been investigated and 

employed for various applications within industry over the past century. Conventionally, the 

anodization process consists of a formation of a dense oxide layer on aluminum by 

electrochemical oxidation in an aqueous solution controlled under potentiostatic conditions [1-

3]. This constructed oxide layer, known as anodic aluminum oxide (AAO), has sparked much 

interest in the field of nanomaterials and nanotechnology due to a favorable combination of 

morphological, physical, and chemical properties, such as high porosity, stability, resistance, 

and structural tunability [1-3]. Consequently, numerous advantages of AAO promote further 

exploration of both enhanced anodization methods and nanoscale applications. 

 

1.1.1. Basic Chemistry and Electrochemistry 

When a metal, such as aluminum (Al), is anodized in an acidic electrolyte under potentiostatic 

conditions, an anodic oxide layer forms on the metal by the following three ways: diffusion of 

ions (1) across the metal/oxide interface, (2) through the bulk oxide, and (3) across the 

oxide/electrolyte interface [3-4]. The diffusive motion of both positive cations (Al3+, H+) and 

negative anions (O2-, OH-) is further accelerated by the high electric field. The essential 

reactions during the formation of the porous oxide layer are: (1) anodic Al dissolution 

(Equation 1.1), (2) cathodic hydrogen gas evolution (Equation 1.2), (3) aluminum oxide 

formation at a metal/oxide boundary (Equation 1.3), (4) aluminum oxide formation at the 

oxide/electrolyte boundary (Equations 1.4‒1.8).  
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2Al →  2Al3+ +  6e− (1.1) 

6H+  +  6e−  →  3H2 (1.2) 

4Al3+ + 6O2− →   2Al2O3 (1.3) 

2Al2O3 + 6H+ →  4Al3+ + 6OH− (1.4) 

12OH− → 3O2 + 6H2O + 12e− (1.5) 

3O2 + 12e− → 6O2− (1.6) 

6H2O → 6H+ + 6OH− (1.7) 

2Al3+ + 3H2O → Al2O3 + 6H+ + 6e− (1.8) 

The overall reaction can be presented as follows: 

2Al + 3H2O → Al2O3 + 3H2 (1.9) 

Simultaneously with the oxide formation, a field-enhanced acidic oxide dissolution is also 

present at the oxide/electrolyte interface. The steady-state growth of the porous oxide layer 

results from the balance between these two processes. The growth is most intense at the base 

of the hemispherical-shaped pores, where the intensity of the electric field is the highest due 

to a high surface curvature. 

 

The oxidation process maintains a certain oxide barrier thickness at the entire pore base and 

continues to facilitate growth perpendicular to the surface. Growth in any other direction is 

prevented by the growth of neighboring pores, competing for space. Thus, the vertical growth 

of the pore walls creates a self-assembled columnar structure that extends from the base of the 

pore to the surface of the oxide layer. 
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1.1.2. General Structure of Porous AAO 

Anodic aluminum oxide is comprised of an array of high-aspect cylindrical parallel nanopores 

(Figure 1.01). Each nanopore is enclosed in a hexagonal cell with an alignment perpendicular 

to the metal surface. At the bottom of the film is a thin barrier layer along the metal surface 

that closes each pore with an approximately hemispherical morphology. Under optimal 

anodization conditions (anodization regimes), these cells will self-assemble to generate closely 

packed hexagonal structures with centered pores. 

 

Figure 1.01 Schematic structure of porous AAO. Reproduced from ref. [3]. 

 

1.1.3. Fabrication of Highly Ordered Porous AAO 

Porous AAO is typically fabricated using one-step or better two-step anodization methods 

(previously developed by Masuda et al. [5] from a thin high, purity aluminum foil. The purpose 

of the second step is to further improve the tight hexagonal packing and organization of the 

pores. In the first step, pores are initially growing from a mirror-polished metal surface, finding 

their seeding spots randomly all over the surface. After a certain period, the pores start 

competing for space with the neighboring pores and self-organizing. This leaves the top surface 
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somewhat disorganized, while the bottom organization improves with time until large 

hexagonally organized domains are formed. The second anodization step is nearly identical to 

the first step but builds upon the achieved bottom pore organization from the first step. When 

the alumina oxide layer from the first step is removed (e.g., dissolved in a strong acid), the 

bottom pore hemispheres remain imprinted in the underlying metal. In the second step of 

anodization, the pore growth no longer seeds pores randomly but instead prefers the pre-

patterned depressions where the electric field is the highest. Thus, highly ordered porous AAO 

can be fabricated with the pores organized on both the top and bottom surfaces [6]. However, 

stress and other breakdown factors make it possible to still have disorganized pore growth and 

formation. The two-step process only serves as a framework to optimize the typical pore 

growth. 

 

1.1.4. Surface Modification of AAO with Anodization and Chemical Method 

AAO membranes have an exceptionally versatile surface and can easily undergo surface 

modifications using several chemical and physical methods, including but not limited to silane 

chemistry [7-8], electrochemical and electroless depositions (ECD and ELD) [9-13], and 

atomic layer deposition (ALD) [14-15]. From these methods, the catalytic and absorption 

properties of the AAO surface are also altered, impacting the pores' geometry and the 

selectivity of entering molecules within the pores.  

 

Electrostatic forces are known to play an important role in the interactions of molecules with 

surfaces. Thus, the determination of electric parameters of the nanopore inner surfaces is highly 

relevant for both fundamental research and technical application. In recent years, the utilization 
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of these membranes has broadened in various fields of science and engineering due to the 

versatility of the AAO surface [16]. 

 

1.2. Lipids and Lipid Bilayers 

 

1.2.1. Lipids 

Biological membranes are central elements of all eukaryotic and prokaryotic cells and provide 

the general structure of these cells. These membranes are mainly composed of lipids and 

proteins that are at the helm of many aspects of cellular function. The most fundamental 

component of all cellular membranes is a phospholipid, an amphiphilic molecule composed of 

a hydrophilic polar headgroup and a hydrophobic end tail. The hydrophobic tail with two fatty 

acid chains is attached to the hydrophilic head consisting of a glycerol-phosphate moiety 

topped with either an anionic, zwitterionic, or a cationic moiety. These phospholipids are 

commonly known as glycerophospholipids. When exposed to an aqueous environment, the 

phospholipids align in such a way that the hydrophobic tails orient against one another with 

the hydrophilic heads on either side facing the aqueous solution, thus spontaneously forming 

two layers or leaflets of what is known as the lipid bilayer.  
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Figure 1.02 Schematic structure of a phospholipid and lipid bilayer. 

https://commons.wikimedia.org/wiki/File:0302_Phospholipid_Bilayer.jpg 

 

Depending on molecular structure and environmental surroundings, the phospholipids have the 

ability to self-assemble into liposomes or vesicles. When water is introduced, the lipid bilayer 

will enclose an aqueous volume and create a structure similar to natural bilayer membranes 

due to the energetically favorable condition. Because of this inherent trait of lipid bilayers, 

these lipid systems are considered to be suitable models for the overall study of the cell 

membrane and its various properties, including dynamics, hydration, and electrostatics/surface 

potential. 

 

1.2.2. Lipid Bilayers and Electrostatics 

The lipid bilayers play a pivotal role in the cellular function of many cells, such as cell-to-cell 

signaling and transport of ions/compounds in and out of the cell. Many of these functions are 

thought to be the result of charges on the headgroups and associated potential from the diffuse 

double-layer. As mentioned above, the phospholipids can possess different charges on the 

headgroup. Figure 1.03 shows the conventional headgroups and their basic characteristics 

https://commons.wikimedia.org/wiki/File:0302_Phospholipid_Bilayer.jpg
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found with glycerophospholipids. Some of the more commonly studied phospholipids are 

phosphatidylcholines, phosphatidylserines, and phosphatidylglycerol. Phosphatidylcholines 

(PC) are zwitterionic phospholipids that incorporate positively charged choline and negatively 

charged phosphate moieties. Phosphatidylserines (PS) are anionic phospholipids containing 

the amino acid serine at the hydroxyl end along with the negatively charged phosphate group. 

Phosphatidylglycerols (PG) are a class of anionic phospholipids that is comprised of a neutral 

glycerol and a negatively charged phosphate moiety.  
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Figure 1.03 Common headgroups found in glycerophospholipids and their basic 

characteristics. 

https://phys.libretexts.org/Courses/University_of_California_Davis/UCD%3A_Biophysics_2

41_-_Membrane_Biology/01%3A_Lipids/1.02%3A_Lipid_Headgroup_Types 

 

Substituting the choline moiety with another functional group modifies the charge on the 

surface of the lipid bilayer. Since these charged headgroups are located at the surface of the 

bilayer, the overall polarity of the lipids is affected (a dipole formed from polar headgroups 

and nonpolar tails) and generates an electric field. As a result, the electrostatic environment 

https://phys.libretexts.org/Courses/University_of_California_Davis/UCD%3A_Biophysics_241_-_Membrane_Biology/01%3A_Lipids/1.02%3A_Lipid_Headgroup_Types
https://phys.libretexts.org/Courses/University_of_California_Davis/UCD%3A_Biophysics_241_-_Membrane_Biology/01%3A_Lipids/1.02%3A_Lipid_Headgroup_Types
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within the lipid bilayer and at the surface are quite different, thus, resulting in an electrostatic 

potential across the bilayer, as shown in Figure 1.04 [17].  

 

Figure 1.04 Schematic representation of the electrostatic potential across a lipid bilayer due 

to charged groups at the interface. The three major components are displayed: dipole 

potential, transmembrane potential, and surface potential. Reproduced from ref. [17].  

 

Three major components contribute to the electrostatic potential of the lipid bilayer membrane: 

the dipole potential, the transmembrane potential, and the surface potential. The dipole 

potential, 𝛹𝑑, arises from the dipole moment created by the alignment of the hydrated 

phospholipids since it has a considerably weak dependence on the ionic composition of the 

surrounding medium. It is the strongest component of the membrane electrostatics. With the 

dipole potentials formed by the two monolayers of opposite electric charges, the combination 

of these oppositely charged layers creates a strong virtual positive charge in the center of the 

bilayer. The transmembrane potential, 𝛹𝑡, is the net potential gradient produced by the ions 

and charges in the aqueous phases separated by the membrane. The 𝛹𝑡 is generally negative in 

value and an order of magnitude smaller than 𝛹𝑡. The surface potential, 𝛹𝑠, results from the 

combination of charges, including charges on the lipid headgroups, absorbed ions, and the 
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counter ions, located closely in the surrounding area of the headgroups on either side of the 

membrane at the lipid-water interface. Therefore, this potential is determined by the quantities 

and type of the charged phospholipids in the bilayer and the concentration of ions near the 

surface of the bilayer. In this project, we are interested in the surface potential 𝛹𝑠. 

 

The majority of the electrostatic interactions occur close to the lipid bilayer membrane surface. 

Therefore, these properties are profoundly significant to specific cellular functions of the 

bilayer and directly associated with any reactions between the membrane and ions, other small 

molecules, and charged residues of peripheral proteins in the immediate vicinity [18-20]. For 

this reason, it becomes imperative that experimental methods capable of accurately evaluating 

the membrane potential at such well-defined positions around or near the surface of the bilayer-

water interface are developed to provide a comprehensive understanding of the membrane 

electrostatics and further decipher the mechanisms of biological phenomena in cells overall. 

 

1.2.3. Substrate-supported Lipid Bilayers 

Liposomes prepared from synthetic lipids are frequently utilized as versatile models of cellular 

membranes to offer insight about the critical biological processes that normally occur in living 

organisms [21-24]. Despite their wide range of uses, problems often arise due to size dispersion 

and physical/chemical stability of the liposomes. One method to address some of these 

challenges is by having a substrate-supported lipid bilayer (SSLB) (example shown in Figure 

1.05), which consists of anchoring the liposomes to a solid planar or spherical substrate [25-

27].  In recent years, SLBs have become a popular and readily accessible technique for 

investigating the surface chemistry and sensitivity of the cell [28]. Moreover, the SLBs offer 
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insight into the interfacial electrostatic interactions in more detailed models of cellular 

membranes (which, for example, include integral molecules and account for nanoscale 

curvature effects) [29]. However, some of these SLBs, e.g., planar SLBs, are limited to a 

relatively narrow class of lipids and lipid-like molecules and have several other restrictions, 

such as temperature, pH, ionic strength, etc. Therefore, further experimental and theoretical 

efforts on SLBs are necessary to provide an excellent bilayer model system and allow for 

bilayer surface-sensitive investigations.  

 

Figure 1.05 Schematic representation of a substrate-supported lipid bilayer (SSLB). 

Reproduced from ref. [26]. 

 

More recently, nanoporous anodic aluminum oxide (AAO) substrates have been explored for 

SSLB studies, albeit using a different principle: while traditional SSLB rely on chemical and/or 

physical interactions with the substrate to keep the lipid bilayer attached, the rigid pores of 

AAO mechanically prevent the lipids from an expansion by confining them. As mentioned 

above, the AAO membranes are a robust inorganic material with macroscopically ordered, 

homogeneous nanopores with tunable diameter from ca. 20 to 200-400 nm. Thus, the diameter 

of the AAO pores controls the diameter of the SSLB. Additionally, these AAO substrates help 
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to preserve the vital membrane functions while simultaneously offering a wide range of 

opportunities to 1) steadily regulate pH and temperature, 2) adjust the composition of the 

bilayer, and 3) permit specific compounds/proteins into and out of the supported bilayer 

membrane [30]. This is due to their ability to promote the self-assembly of lipid nanotubular 

bilayers inside the pores and enhance membrane stability of the confined lipid bilayer. 

Furthermore,  the AAO SSLBs grant more freedom to work with different spectroscopy 

techniques [24,27,31]. For this project, the technique of focus is magnetic resonance 

spectroscopy.  

 

Magnetic resonance methods are known to offer a wealth of data on the structure of the SSLB 

systems. The macroscopic alignment of the lipid assemblies provided by the AAO structures 

assists in characterizing the biophysical properties of nanopore-confined molecules by 

magnetic resonance methods such as NMR and EPR. By utilizing modern magnetic resonance 

approaches, more insight can be gained into the macromolecular dynamics of the membrane 

lipids/proteins and, therefore, elucidate the potential for biotechnological and drug 

development applications. 

 

1.3. Electron Paramagnetic Resonance Spectroscopy 

 

1.3.1. Classical and Quantum Mechanical Description of EPR Spectroscopy 

Electron paramagnetic resonance (EPR) spectroscopy has been used to study the local 

molecular and electronic structure as well as molecular dynamics involving paramagnetic 

species. EPR spectroscopy is a powerful tool for investigating and detecting the magnetic 
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susceptibility associated with unpaired electrons in chemical species. Similar to nuclear 

magnetic resonance (NMR) spectroscopy, the underlying physics of EPR is fundamentally 

based on quantum mechanics. While NMR is based on a detection of transitions between 

nuclear spin states when placed in an external magnetic field, EPR is attributed to unpaired 

electron spins in an atom or molecule.  

 

For a free electron, its interaction with an externally applied magnetic field directed 

along the z-axis is described by the following spin Hamiltonian operator, 𝐻̂:  

𝐻̂ = −𝜇̂𝐵0 = −g
𝑒

𝛽𝑒𝑆𝑍̂𝐵0 (1.10) 

where g𝑒 is the g-factor for the free electron (2.00232), 𝛽𝑒 is the electron Bohr magneton 

(9.27401 x 10-24 JT-1) and 𝑆𝑍̂ is the operator corresponding to the z-projection of the electron 

spin. The eigenvalues of the spin operator 𝑆𝑍̂ are 𝑚𝑠ħ, with 𝑚𝑠 = ± 
1

2
, and make up the 

components of the spin angular momentum along the z-axis direction. A simpler, more 

common notation uses the symbol 𝛼 for the 𝑚𝑠 = + 
1

2
 state and 𝛽 for the 𝑚𝑠 = −  

1

2
 state. 

Therefore, when the field is present, a free electron will have two split energy states: the 𝛼 state 

increases in energy by 
1

2
g𝑒𝛽𝑒𝐵0, while the 𝛽 state decreases by −

1

2
g𝑒𝛽𝑒𝐵0. These two energy 

states of the free electron are generally referred to as Zeeman energy levels. In EPR 

spectroscopy, resonant absorption of electromagnetic (microwave) radiation between the two 

Zeeman energies occurs when the frequency of the microwave irradiation matches the resonant 

condition for energy-level separation, ∆𝐸 (Figure 1.06). 

 



   

14 

 

Figure 1.06 Zeeman energy level of a free electron (𝑆 =
1

2
) placed in a magnetic field. The 

blue arrow indicates the energy of the microwave quantum matching the energy splitting 

between the electron spin substates. Adapted from ref. [32]. 

 

Along with the Zeeman effect, there are additional interactions magnetic in nature (e.g., 

hyperfine coupling, dipolar coupling, zero-field splitting, etc.) that induce shifts or splitting of 

the Zeeman energy levels described by additional factors in the Hamiltonian operator. Within 

biophysical chemistry, these supplementary interactions are significant as they offer insight 

into the molecular geometry, electronic structure, and local molecular dynamics and 

interactions between spin systems and the local environment of the paramagnetic species. 

 

1.3.2. Hyperfine Interaction 

In addition to Zeeman interactions for paramagnetic species, the electron spins of these 

molecules can experience slight changes in energy-dependent upon the spin states of nuclei in 

the local environment. In the presence of a magnetic nucleus (such as 1H and 14N), the spin of 
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the unpaired electron couples to the magnetic nucleus spin, 𝐼. This coupling induces further 

energy splitting of each electron Zeeman energy level. The size of this additional splitting is 

determined by the coupling constant, A. This electron-nuclear coupling is known as the 

hyperfine interaction. The selection rules for the electron spin transitions are ∆𝑚𝑆 = 1 and 

∆𝑚𝐼 = 0, since the microwave radiation induces electronic transitions but forbids nuclear 

transitions. At low magnetic fields (typically < 1 T) the nuclear Zeeman interaction can be 

neglected and the energy of the observable EPR transitions can be approximated by the 

following expression: 

∆𝐸 = ℎ𝜈 = g
𝑖𝑠𝑜

𝛽𝑒𝐵0 + ∑ 𝐴𝑖𝑚𝐼𝑖𝑖  (1.11) 

where g
𝑖𝑠𝑜

 is the isotropic g-factor for an electron spin, 𝐴𝑖 is the hyperfine coupling constant 

to the nuclei denoted by i, and 𝑚𝐼𝑖
 is the z-axis projection of its spin 𝐼. The resulting spectrum 

has peaks that are centered at 𝐵0 =
ℎ𝜈

g𝑖𝑠𝑜𝛽𝑒
. Because 𝑚𝐼 = −𝐼, −𝐼 + 1, … 0 … , 𝐼 − 1, 𝐼, each 

nuclear interaction results in 2𝐼 + 1 sub-states. For a collection of 𝑛 equivalent nuclei, the 

result is 2𝑛𝐼 + 1 sub-states with the total number of sub-states being the product of all the 

equivalent nuclei sub-states, 𝑛𝑡𝑜𝑡𝑎𝑙 = ∏ (2𝑛𝑖𝐼𝑖 + 1)𝑖 . 
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Figure 1.07 Hyperfine splitting of a system consisting of an electron (S=1/2) coupled to a 

nucleus (I=1/2) with a coupling constant, A. Nuclear Zeeman interaction was neglected for 

simplicity. 

 

The hyperfine interaction encompasses a Fermi contact term corresponding to the isotropic 

component of the interaction (independent of sample orientation with respect to the magnetic 

field) schematically shown in Figure 1.08A and a dipole-dipole term corresponding to the 

anisotropic component of the interaction (dependent on the sample orientation with respect to 

the magnetic field) shown in the Figure 1.08B.  

 

The magnitude of the Fermi contact term is directly proportional to the electron spin density 

at the nucleus [Ψ(𝑟)]2. The size of the isotropic term provides information about the electronic 

structure of a paramagnetic center, such as covalent versus non-covalent bonding of a nucleus 

to the paramagnetic center. In liquid solutions, rapid tumbling of molecules effectively 

averages the dipolar term to zero. Therefore, the only contribution to the EPR spectrum is from 

the isotropic hyperfine component. However, biological samples generally fall within a slow-

motion regime; thus, both the Fermi contact and dipolar interactions affect the spectra. The 
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anisotropic dipolar interaction is usually dominant in frozen solutions or solid powder samples, 

where no averaging effect occurs. The dipole-dipole interaction between the magnetic 

moments depends on the distance between the magnetic moments and the orientation of the 

spins. For the given distance 𝑟 between the unpaired electron and nucleus and fixed angle 𝜃 

between the direction of the magnetic field and the vector connecting the electron to the 

nucleus, the dipolar interaction, 𝐷, is given by: 

𝐷 ≈
1−3 𝑐𝑜𝑠2 𝜃

𝑟3  (1.12) 

The anisotropic hyperfine interaction is an anisotropic through-space dipolar interaction that 

offers information on the distance, geometry, and location of the interacting spin species. 

 

Figure 1.08 Schematic descriptions of (A) isotropic coupling constant and (B) anisotropic 

hyperfine coupling constant. 

 

1.3.3. Site-Directed Spin-labeling EPR 

Site-directed spin-labeling (SDSL) in conjunction with EPR spectroscopy has emerged as a 

versatile and informative biophysical tool for elucidating structural and dynamic properties of 

biomacromolecules. Many biological systems, such as lipid membranes, are EPR silent (at 

least at room temperature) but can be studied upon introducing an EPR-active molecule called 

spin-label or a spin probe. SDSL is a variant of spin labeling EPR that is based on a covalent 

D 
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attachment of a paramagnetic moiety – typically a stable organic radical such as nitroxide -  to 

a specific site of a biomolecule (protein, nucleic acid, or lipid) and analysis of EPR spectra 

from such a label to obtain site-directed local data on the system structure and dynamics. 

Because of the small size of typical spin-labeled sidechain – with molecular volume 

comparable to that of phenylalanine- the labeling causes a little, if any, perturbation to the 

system. The SDSL method can be applied to opaque samples that are otherwise difficult to 

study optically, such as nanoporous substrates studied in this project [33-34].  

 

In this project, we utilized nitroxide radicals with small molecular volumes that were 

covalently attached via disulfide bonds to the sulfhydryl groups of headgroup-modified lipids. 

The nitroxide possesses an electronic spin that is delocalized primarily over the N-O group. 

While the most abundant 16O has no nuclear spin, the abundant 14N has nuclear spin I=1 (with 

projection quantum number 𝑚𝐼= -1, 0, 1) and interacts with the electronic spin S=1/2. The 

resulting hyperfine interaction produces changes in the electronic spin energy levels (the last 

term on the right side of Equation 1.11 and causes splitting of the EPR energy levels into three 

sublevels corresponding to the different projection states of 14N nuclei. An example of this 

splitting for a nitroxide radical is given in Figure 1.09. 
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Figure 1.09 Chemical structure of the nitroxide headgroup of IMTSL spin label and its EPR 

spectrum with three absorption peaks. Each energy level splits in three levels, and resonance 

frequency gives rise to three lines in X-band EPR. Reproduced from ref. [35]. 

 

The EPR spectra of nitroxides are sensitive to the rotational motion of the radical molecules. 

Therefore, they can be analyzed to derive rotational correlation time τc, which roughly 

corresponds to the time for a spin label to rotate through an angle of a radian. Typical rotational 

correlation times of lipids and spin-labeled sidechains of proteins and peptides fall into 0.1 to 

10 ns and can be measured from continuous wave (CW) EPR spectra. As rotational motion of 

the radical becomes slower (longer τc), the EPR spectra broaden, as shown in Figure 1.10.  

 

Figure 1.10 EPR line shape as a function of spin label motion. (A) Spin label in dilute solution 

– fast motion. (B) Spin label attached to a small peptide in solution. (C) Spin-labeled peptide 

incorporated into a liposome – slow motion. (D) Fully protonated spin label within a liposome, 

experiencing electrostatic attraction to the bilayer surface. Adapted from ref. [35]. 
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1.4. Summary of Present Research 

The primary objectives of this research project were (1) to advance nanoporous AAO 

fabrication methods by optimization of pulse anodization techniques and exploring different 

pore surface modification methods with the goals of making such nanostructures conductive 

or semiconductive and (2) to investigate how surface electrostatic properties of nanotubular 

lipid bilayers confined in such nanopores are affected by the AAO fabrication procedures and 

pore geometry. For the latter, spin-labeling EPR of pH-sensitive stable nitroxide radicals was 

employed.  

 

Using improved anodization methods in H3PO4, we present the results of enhanced fabrication 

of AAO by mild anodization and pulse anodization to produce larger uniformly ordered 

nanopores of diameter d≈450 nm. Such large pores are viewed to be an essential step for 

incorporating large membrane protein complexes such as Photosystem I and Photosystem II.  

 

Electroless deposition of conductive material (Au, carbon char, and ITO) into the AAO was 

also investigated as the means to promote conductivity of the AAO substrate. It was determined 

that there was insufficient deposition of the materials within the nanopores, which resulted in 

no conductivity. Although the electroless deposition did not yield desired results, electroless 

deposition of conductive materials through chemical processes is still of interest as a potential 

application for template-based study with conductivity, as the resulting advanced membranes 

could be used to offer more insight into the interactions between the nanoporous membranes 

and biomolecules for surface electrostatic studies of nanopore-confined biomolecules. 
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Finally, we employed spin-labeling EPR and pH-sensitive nitroxide radicals to assess the 

surface electrostatics of lipid bilayers through substrate-supported self-assembly within the 

AAO nanopores. A pH-sensitive headgroup labeled phospholipid probe (IMTSL-PTE) 

synthesized at NCSU was fully integrated into the lipid bilayer. The lipids were deposited onto 

the substrate and formed cylindrical phospholipid nanotubes in the pores. EPR spectra of such 

membrane probe reported on its ionization state and, thus, local pH. These spectroscopic data 

aided in determining the local surface electrostatic potential of nanopore-confined bilayers. By 

utilizing magnetic resonance approaches, more insight can be gained into the macromolecular 

dynamics of membrane lipids/proteins. 
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CHAPTER 2: ENHANCED FABRICATION OF AAO 

 

2.1. Introduction 

Over the last two decades, nanoporous AAO has been of particular interest for research in 

many aspects of nanoscience and nanotechnology. Due to its cost-effective and simple 

electrochemical fabrication along with its appealing properties, it is one of the most widely 

used nanoporous materials for various nanotechnological applications [1-5]. Several 

innovations in advanced electronics [1-9], bioengineering [10-12], drug development [13-14, 

and catalysis [15-18] have been made with AAO. 

 

Under optimal fabrication conditions, AAO consists of macroscopically ordered, hexagonally-

packed homogeneous nanopores with tunable diameter ranging from ca. 20 to 400 nm. To 

fabricate the nanoporous AAO, Al undergoes a two-step anodization where the Al is oxidized 

in acidic electrolytes at an appropriate voltage. Specific characteristics of the AAO, e.g., pore 

diameter, interpore distance and thickness of the formed oxide layer (Figure 2.01), can be 

structurally engineered by the operating parameters like the electrolyte type, concentration, 

and temperature, relevant applied voltage, and duration of the second step of anodization [24-

25] and by means of various anodization regimes, like mild or hard anodization. The three 

acidic electrolytes commonly used to form the AAO are sulfuric acid (H2SO4), oxalic acid 

(H2C2O4), and phosphoric (H3PO4) with their respective voltages of 25, 40, and 195 V. 
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Figure 2.01 Tunable AAO pore dimensions controlled by the anodization process. Reproduced 

from ref. [26] 

 

Conventional anodization (or mild anodization, MA) is the most widely adopted way to carry 

out the anodization process. It involves a slow steady-state oxidation of the Al with pore growth 

at a rate of ~2 µm h-1. Another anodization regime is hard anodization (HA), which speeds up 

the anodization substantially (pore growth rate ~50-100 µm h-1) [27]. However, the resulting 

nanopores are typically less ordered, and the high-speed anodization may cause the oxide layer 

to overheat and burn. To address these deficiencies, a pulse anodization (PA) process has been 

introduced, in which the voltage is continuously modulated with short voltage pulses of 

anodization and longer rests in between [24]. This pulse regime aids in dispersing some of the 

accumulated heat but still does not permit full control of the pore ordering. In more recent 

years, many of these anodization approaches have been intensively explored to fabricate better 
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AAO nanostructured materials in a shorter fabrication time and to improve upon their unique 

pore properties, mainly to generate larger nanopores (<200 nm).   

 

In this chapter, we investigated the use of improved anodization methods to produce larger 

uniformly ordered nanopores. The results of enhanced fabrication of AAO by mild anodization 

and by pulse anodization at a slightly lower voltage using H3PO4 as the electrolyte are 

presented. At this slightly lower voltage, some of the heat accumulated from the high-speed 

growth is expected to decrease during MA and disperse during the rest periods of PA. These 

larger nanopores are significant for our study due to their potential use as a substrate-support 

for macroscopic lipid bilayer systems.  

 

2.2. Experimental Section 

 

2.2.1. Materials and Chemicals 

All chemicals of the ACS Reagent grade or higher were purchased from Sigma Aldrich/Merck, 

KGaA (Darmstadt, Germany) or VWR International, LLC (Radnor, PA, USA) unless 

otherwise indicated. 

 

2.2.2. Mild Anodization of Aluminum in Phosphoric Acid 

The MA AAO samples were prepared by subsequent anodization steps involving a first and 

second anodization, aluminum metal removal, and pore enlargement through etching. A high-

purity aluminum foil (99.99%, 0.127 mm thick, Strem Chemicals, Inc., Newburyport, MA, 

USA) was utilized as the starting material. An initial mild anodization step was carried out at 
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40 V in 4 wt% H2C2O4 for 5-7 h for all the samples. The backside of the foil was masked by 

clear nail polish (Electron Microscopy Sciences, Hatfield, PA, USA). Immediately after that, 

the second anodization step was started. The front side of the foil underwent mild anodization 

at 189 V in  H3PO4 for 16 h. After the anodization process, the nail polish protective layer was 

removed by rinsing the sample with acetone. A thin aluminum oxide layer formed underneath 

the protective layer by the first anodization was removed by floating the anodized pieces on 

the surface of 10 vol% H3PO4 solution for about 3 h. The remaining metallic aluminum was 

dissolved in 10 wt% CuCl2 solution at room temperature under mild sonication. To open the 

nanopores of the back end of the samples obstructed by the barrier oxide layer, the pieces were 

treated (floated barrier down) with 10 vol% H3PO4 solution until moisture was spotted on the 

top, indicating the opening of the nanopores. Subsequently, the pore diameter was enlarged by 

etching the samples in 5 vol% H3PO4 for 3 and 7 h. The samples were thoroughly rinsed with 

deionized water and air-dried to complete the process. 

 

The pore morphology and structure of all the fabricated AAO were examined by FEI Verios 

460L SEM instrument installed and operated by the NCSU Analytical Instrumentation Facility 

(AIF). For SEM imaging, small pieces of AAO were broken from the larger membranes and 

mounted on a sample holder using double-sided carbon tape (Electron Microscopy Sciences). 

Low accelerating potentials (e.g., 500 V) were employed to suppress sample charging. The 

pore diameters were analyzed directly from the SEM images using ImageJ (NIH) software. 
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2.2.3. Pulse Anodization of Aluminum in Phosphoric Acid 

The PA AAO samples were prepared by subsequent anodization steps involving a first and 

second anodization, aluminum metal removal, and pore enlargement through etching. A high 

purity aluminum foil (99.99%, 0.127 mm thick, Strem Chemicals, Inc., Newburyport, MA, 

USA) was utilized as the starting material. The foil was annealed at 520 °C and put into a 

holder provided by Dr. Antonin Marek (NCSU). Teflon tape was wrapped around the holder’s 

inner grips to prevent the electrolyte solution from seeping inside. An initial pulse anodization 

step was carried out with a ramp from 100-189 V, rest at 170V, 5 s on, 30 s off, and a current 

threshold at 0.185 A in H3PO4 for 14 h for all the samples. The backside of the foil was masked 

by clear nail polish (Electron Microscopy Sciences, Hatfield, PA, USA). Immediately after 

that, the front side of the foil underwent pulse anodization with a ramp from 150-189 V with 

rest at 170V, 5s on, 15s off, and a current threshold at 170e-3 A in H3PO4 for 20 h. To complete 

the anodization process, a final pulse anodization occurred with continuous anodization at 189 

V and a current threshold at 80e-3 A for 18 h. After the anodization process, the nail polish 

protective layer was removed by rinsing the sample with acetone. An aluminum oxide layer 

formed underneath the protective layer by the first anodization was removed by floating the 

anodized pieces on the surface of 10 vol% H3PO4 solution for about 3 h. The remaining 

metallic aluminum was dissolved in 10 wt% CuCl2 solution at room temperature under mild 

sonication. To open the nanopores of the back end of the samples obstructed by the barrier 

oxide layer, the pieces were treated (floated barrier down) with 10 vol% H3PO4 solution at 45 

°C until moisture was spotted on the top, indicating an opening of the nanopores. 
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The pore morphology and structure of all the fabricated AAO were examined by FEI Verios 

460L SEM instrument installed and operated by the NCSU Analytical Instrumentation Facility 

(AIF). For SEM imaging, small pieces of AAO were broken from the larger membranes and 

mounted on a sample holder using double-sided carbon tape (Electron Microscopy Sciences). 

Low accelerating potentials (e.g., 500 V) were employed to suppress sample charging.  

 

2.3. Results and Discussion 

 

2.3.1. AAO Fabrication with Mild Anodization in Phosphoric Acid 

Figure 2.02 shows representative SEM images of the top (A-C) and bottom of the nanoporous 

AAO membranes (B-D) fabricated for this study. The images of the H3PO4 AAO with 3 h 

etching (Figure 7A-B) exhibit a partial pore ordering on both sides of the membrane. The 

images of the H3PO4 AAO with 7 h etching (Figure 7 C-D) display an improved pore regularity 

at high porosity with diameter d = 450 ± 41 nm on the bottom side. There is still a slight 

disordering on the top side of the membrane coming from etching the interface between the 

remnants of the first protective anodization step and the large pores of the second anodization 

step. 
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Figure 2.02 SEM images of (A,C) top and (B,D) bottom sides of the AAO membranes 

fabricated by mild anodization in H3PO4 at 189 V. (A-B) AAO membrane after 3 h of etching; 

(C-D) AAO membrane after 7 h etching. 

 

A protective layer is produced to shield the AAO from burning. That is achieved by partially 

organizing the pores and by oxygen-limited diffusion, which regulate spikes in anodization 

current and heat development. However, to further improve the pore structure's hexagonal 

organization, it would be better to avoid using the protective layer. In that case, the full two-

stage anodization procedure can be employed, e.g., with both steps at the same voltage regime, 

that is known to significantly improve the pore regularity. This method contrasts with the 

existing two-step process at two different voltage regimes—such a combined approach 

resulting in different anodized layers with varying pore morphology. The protective layer has 

a smaller interpore distance, ~100 nm at 40 V, while the additional layer typically has much 

larger interpore distances, ~500 nm at 200 V. The protective layer can be removed during 
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etching, but the transition interface region still becomes an issue. One promising way to 

eliminate the need for the protective layer is to utilize a pulse anodization regime, in which an 

alternating current is switched on and off to provide for a more efficient cooling of the anodized 

sample. With a more extended switched-off period, there is more controlled heat development 

during the switched-on period. Thus, the pulse anodization will decrease the burning of the 

AAO. As a downside, this approach comes at the cost of an extended period of anodization 

time needed to achieve a specific AAO thickness. 

 

2.3.2. AAO Fabrication with Pulse Anodization in Phosphoric Acid 

The initial pulse anodization was adequate and consistent. However, during the second pulse 

anodization step, the anodized pieces started to burn at the edge in the holder or in random 

areas along the edges. Such a burning resulted in massive spikes in current and a visible dark 

discoloration of the AAO layer. The burning is due to electrolytic breakdown, which typically 

occurs with high current density conditions. Once the burning spots were detected, the burned 

spots were covered with nail polish, and the pulse regime was frequently continued. After a 

few hours of anodization, the electrolyte solution started to seep into the holder. This would 

cause the piece to continue burning or the electrolyte to anodize the metal clip holding the Al 

piece. To alleviate this problem, we decided to implement a supplemental MatLab script for 

the PA process to allow for the system to automatically sense when the current was starting to 

rise rapidly (meaning breakdown of the piece was either starting to happen or about to happen), 

which would reset/continue the process or immediately stop the PA regime. After 

implementing such a procedure, the Al pieces started to anodize for longer times. However, 

there was no consistency in the amount of anodization before a breakdown would completely 



   

33 

 

override the process. In addition, the anodization process would stop more frequently due to 

the detection of an increase in current, although little to no burning occurred. This was 

attributed to inherent stress of the Al that impacted the anodization and the manner in which 

the pores were formed [24]. Taking this into consideration, the Al was annealed at 520 °C to 

relieve the stress before anodization. This annealing improved the anodization process, 

allowing for a better second PA step. 

 

After removing the Al metal, the barrier layer was etched in H3PO4 to begin opening the pores 

from the back. Etching for more than 1 h at a higher temperature resulted in the piece being 

completely dissolved in the solution. This anodization scheme produced AAO with ~70-80 μm 

thickness without further etching of the pores. However, there was severe pore disordering and 

irregularity, as seen in Figure 2.03. This pore disordering contrasts with previously fabricated 

AAO in the Smirnov group with more uniform pores. This is likely due to the different 

experimental parameters used to fabricate this AAO in H3PO4. Lastly, most of the AAO pieces 

were very brittle. 
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Figure 2.03 SEM images of (A−B) top and (C−D) bottom sides of the AAO membranes 

fabricated by pulse anodization in H3PO4 at 189 V. 

 

2.4. Conclusion 

An enhanced anodization of the AAO based on a mild and a pulse anodization of aluminum in 

phosphoric acid at a lower potential to generate larger nanopores was investigated. While 

nanopores of a larger diameter (d=450 ± 41 nm) were successfully fabricated using mild 

anodization, the pores had a slight disordering resulting from the initial protective anodization 

step in oxalic acid. To improve the uniform ordering of the AAO, a pulse anodization regime 

was employed. The overall procedure for the pulse anodization was problematic because of an 

electrolytic breakdown and/or stress defects of the Al surface. The breakdown and stress issues 

were mitigated by automating the anodization process, using an additional Matlab script, and 
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annealing Al strips before the anodization to relieve the existing stress.  Based on these 

improvements, AAO was successfully fabricated using the pulse regime. However, the AAO 

pieces were brittle and had severe pore irregularity.  

 

The achieved results from both anodization methods indicate a further need to re-examine the 

anodization procedures to achieve larger nanopores with greater pore uniformity. In addition, 

the advanced AAO from the improved regime could bear significant implications for template 

synthesis or surface modification studies. 
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CHAPTER 3: ELECTROLESS DEPOSITION INTO AAO SUBSTRATE FOR 

CONDUCTIVITY 

 

3.1. Introduction 

The fabrication of AAO membranes has been the focus of many current studies in regard to 

their potential theoretical and functional uses [1-4]. Of particular interest, the template method 

is a versatile and successful approach for the fabrication of nanostructures, e.g., nanoparticles, 

nanotubes, or nanowires, with AAO [5-7]. With this method, various types of nanomaterials 

have been obtained, such as metals [8-9], semiconductors [10], polymers [11-12], carbon [13], 

[14], and other materials. The major advantage of this method is the ability to fill the AAO 

nanopores with desired material to create the nanostructures or alter the electronic, mechanical, 

and chemical properties of the AAO membranes with convenient strategies.  

 

In addition to being cost-effective, the AAO membranes allow for quick and easy applications 

without the need for state-of-the-art equipment [15-16]. One of these simpler applications is 

the electroless deposition of conductive substances, such as metals or metal oxides. The 

conductive substances are uniformly deposited within the nanopores and on the surface of the 

AAO membranes to modify the electrical properties of the membrane [17]. However, the AAO 

is an inert material, which negatively impacts the electroless deposition unless the AAO 

surface is initially primed. Subsequently, for this approach to occur, the membrane must first 

be activated with a metal (e.g., Ag, Pd, Sn) to aid in the deposition of a catalyst. After the 

activation and catalyst deposition, a reduction transpires, allowing for the chemical deposition 

of a conductive metal. As a result, the AAO membranes acquire conductive properties. 
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The work presented in this chapter aims to develop a modified electroless deposition strategy 

of AAO membranes using Au, carbon char, and indium tin oxide (ITO). For this purpose, the 

surface structure and electrical properties of the AAO membranes change, promoting their use 

as a semiconductor. Furthermore, these advanced membranes with conductive properties could 

be utilized as a biosensor to provide more information about the interaction between the 

nanoporous membranes and biomolecules and the surface properties of these nanopore-

confined biomolecules. 

 

3.2. Experimental Section 

 

3.2.1. Materials and Chemicals 

All chemicals and solvents were purchased from VWR International (Radnor, PA, USA) or 

Fisher Scientific (Waltham, Massachusetts, USA) unless otherwise indicated and used without 

further purification. The commercial gold plating solution was purchased from Sigma-Aldrich 

(St. Louis, MO, USA). Commercial Anodic Aluminum Oxide (AAO) membranes were 

manufactured by Whatman (UK). The thickness of the AAO substrate was ~50 µm, and the 

nominal pore diameter was 200 nm. Anodic Aluminum Oxide (AAO) membranes were 

manufactured in the Smirnov group (NCSU). The thickness of the AAO was 72 µm, and the 

pore diameter was 79 nm. 
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3.2.2. Electroless Deposition of Gold into AAO 

The Au deposition process for the AAO templates was conducted using a slightly modified 

literature procedure by Kohli et al. [17]. The following redox reactions describe the chemistry 

behind the deposition process: 

Sn2++2Ag+→Sn4++2Ag (3.1) 

Ag  + Au
+
 → Ag

+
 + Au (3.2) 

 

First, the AAO membranes were surface modified with a ligand containing succinic anhydride 

moiety using the following procedure. AAOs were incubated for 48 h in 0.1 M toluene solution 

of (3-triethoxysilyl)propylsuccinic anhydride (SAPT). To remove air and allow for the SAPT 

solution to diffuse into the AAO easily and freely, the incubating membrane was vacuumized 

for 1 min. After that, the membranes were washed in ethanol for 1 min and then in chloroform 

for 20 min at 60°C. The washing process was repeated twice to ensure the complete removal 

of the excess silane from AAO. Next, the succinic anhydride groups of the AAO-coated ligands 

were hydrolyzed with ultra-pure water for 1 h at 40°C to yield succinic acid residues. The 

purpose of these residues is to chelate Sn2+ at the AAO surface. The covalent attachment of the 

silane ligands to the membrane surface and hydrolysis of the ligands was confirmed by FT-IR 

analysis. 

 

Further deposition steps were carried out to ensure that Au was deposited on the nanopore 

surface but not on the membrane surface. First, one of the AAO membrane faces was masked 

with a piece of an electrical tape. After that, the membrane was incubated for 45 min in an 

aqueous solution (activation solution) that contained 0.027 M SnCl2 and 0.07 M trifluoroacetic 
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acid (TFA). After the incubation, AAO was rinsed thoroughly with water, and the tape was 

carefully removed with ethyl acetate. Next, the membrane was allowed to dry in air at room 

temperature. After drying, the opposite face of the membrane was masked with a second piece 

of electrical tape, and then the membrane was submerged for 30 min in a catalytic solution 

comprised of 0.029 M AgNO3 and 0.1 M NH3 (see Equation 3.1). The membrane was then 

rinsed with water, and the second piece of tape was removed with ethyl acetate. Next, the gold 

plating bath for electroless deposition was prepared by combining 1.2 mL of the commercial 

gold plating solution, 0.2 g sodium sulfite, 2.4 mL of 37% formaldehyde solution, and 0.12 g 

NaHCO3 in 96 mL of water. Before treating the membrane, the pH of the plating bath was 

adjusted to pH≈7-8 by the dropwise addition of 1 M sulfuric acid. The temperature of the bath 

was maintained at 4 °C. After about every 20 h of plating, the bath was replaced with a new 

plating solution. This replacement was done for 3 days. Then, this electroless deposition 

process was repeated with the concentration of the activation solution increased by 10-fold, 

and the concentration of the catalytic and plating solutions increased by 5-fold. This process 

was additionally performed with commercial AAO membranes from Whatman. 

 

3.2.3. Electroless Deposition of Carbon Char into AAO 

The carbon deposition process for the AAO templates was conducted using a slightly altered 

literature procedure by Boyer and Clarkson [18]. Carbonaceous material is combined with an 

activating agent, deposited onto the template, and then treated using a high temperature above 

500 °C. 
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First, 20% w/w sucrose solution was prepared. Next, a ZnCl2 solution was prepared with THF. 

These two solutions were combined in a 1:1 ratio with the ZnCl2 to serve as the activating 

agent. Next, the combined solution was deposited dropwise onto four pieces of AAO, each 

with varying amounts of solution. The surface of the AAO pieces was cleaned after each 

deposition and then weighed to account for the increase in combined solution. After being 

weighed, the samples were dried by sitting it directly on a hot plate for approximately 1 min. 

Next, all of the samples were high temperature treated in a furnace chamber installed in the 

NCSU Forestry department. Under a constant flow of nitrogen gas flow at the rate of 1 L/min, 

the samples were heated according to a controlled temperature scheme at 5 °C/min to 620 °C. 

The temperature was held at 620 °C for 12 h before being cooled to room temperature. 

 

3.2.4. Electroless Deposition of Indium Tin Oxide into AAO 

The indium tin oxide (ITO) deposition process for the AAO templates was conducted using a 

slightly modified literature procedure by Boehme et al [19]. The following reactions describe 

the chemistry behind the deposition process as reproduced from [19]: 

 

Activation: 

Sn
2+

 + 2Ag
+
 → Sn

4+
 + 2Ag (3.3) 

Palladium Cluster Formation: 

PdCl2  + 2Ag → Pd + 2Ag
+
 + 2Cl

−
 (3.4) 

ITO Growth Mechanism: 

9

10
In2O3+ 

1

10
SnO

ox
→  (In2O3)

0.9
:(SnO2)

0.1
 (3.5) 
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First, commercial AAO membranes were annealed at 1250 °C/hour under vacuum (~10-4 Torr), 

ramping at 10°C/min with a cooldown of 1°C/min. This annealing was done to reverse the 

surface electrostatic potential of the AAO from positive to negative to make it similar to the 

negative surface of polycarbonate membranes [20]. Once the samples were annealed, the AAO 

membranes were sensitized with 0.25 M SnCl2 for 30 min at 45 °C. After incubation, the AAO 

was rinsed thoroughly and then incubated in an activation solution with 0.2 M AgNO3 and 0.02 

M Co(NO3)2 for 15 min at room temperature. After thoroughly rinsing the AAO, the activation 

was completed by treating the sample with 0.2 M Pd(NO3)2, 0.015 M Ag2SO4, and 0.2 M HBF4 

for 20 min at room temperature and then rinsed. The final step of the process was the electroless 

deposition of the indium tin oxide (ITO). The activated membranes were treated with 0.27 M 

In(SO4)3, 0.03 M SnSO4, and 0.05 M (CH3)2NH•BH3 for 15 min at room temperature. Before 

treating the membrane, the pH of the ITO solution was adjusted to pH≈3-7 with the addition 

of 1 M NaOH. The ITO solution was heated for an hour to allow for all of the materials in the 

solution to dissolve. 

 

3.2.5. Characterization of AAO Nanopores after Electroless Deposition 

Each deposited AAO sample was tested for initial conductivity with a voltmeter. In addition, 

the microstructure and morphology of all the deposited AAO samples were examined by the 

FEI Verios 460L SEM instrument installed and operated by the NCSU Analytical 

Instrumentation Facility (AIF). For SEM imaging, small pieces of AAO were broken from the 

larger membranes and mounted on a sample holder using double-sided carbon tape (Electron 

Microscopy Sciences). To suppress sample charging, low accelerating potentials (e.g., 500 V 

for FEI Verios 460L) were employed. 
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3.3. Results and Discussion 

 

3.3.1. Gold Deposition 

The essential steps in the surface modification procedures were the addition of SAPT to 

promote the activation of the membrane through Sn2+ chelation, masking the membrane 

surface to constrain the deposition of Au to only the nanopores, and decreasing pH of the 

plating solution to hinder the dissolution of the AAO membrane. The silanization of the AAO 

membrane from the SAPT solution was confirmed by measuring the absorption using FTIR. 

The IR spectrum obtained of the sample displayed a strong carbonyl stretch vibration band at 

1780.94 cm-1, which indicated the attachment of the succinic anhydride groups to AAO (Figure 

3.01). Next, the succinic anhydride groups were hydrolyzed to produce succinic acid residues, 

which allowed for the chelation of the Sn2+ onto the AAO. Upon hydrolysis, the anhydride 

absorption band disappeared while another strong band emerged at 1711.51 cm-1, 

corresponding to the absorption of the carboxylic carbonyls (Figure 3.02). Both IR spectra 

confirmed the silanization and hydrolysis of the AAO.  

 

The masking approach of the AAO was supposed to inhibit the deposition of the Au on the 

surface and permit it only within the nanopores. In this case, the masking of the AAO failed to 

impede Au deposition on the surface. Ultimately, this masking issue contributed significantly 

to the poor pore deposition of the materials. While the membrane remained intact from a 

relatively neutral pH, Au was deposited onto the surface and a small amount into the AAO 

nanopores, shown by a yellowish-brown color change (Figure 3.03) and from the 

characterization using FE-SEM. The color change did not occur from contamination in the 
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deposition process. There appeared to be no distinct change in the optical property compared 

to a typical smooth Au membrane surface [21].  

 

Figure 3.01 IR spectra of silanized AAO membrane after hydrolysis. Peak 5 shows the 

silanized AAO membrane was hydrolyzed at 1711.51 cm-1. 

 

 

Figure 3.02 IR spectra of silanized AAO membrane. Peak 7 shows the AAO membrane was 

silanized at 1780.94 cm-1 after treatment in SAPT solution. 
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Figure 3.03 Deposition of Au-AAO indicated by a color change from (A) white to (B) 

yellowish-brown. 

 

Figure 3.04 shows FE-SEM images of prepared Au-AAO. There are large Au clusters on the 

surface (Figure 3.04A-C) and smaller Au beads within the pores (Figure 3.04D-F). This 

aggregation suggests that the clusters are from a colloidal gold formation [22-24]. Because the 

Au-AAO was prepared by reducing a dissolved metal salt with a reducing agent, the Au from 

the plating solution was susceptible to aggregation of the atoms. This clustering typically 

serves to control the growth of Au nanotubes. For this experiment, the aggregation obstructed 

the full diffusion of the Au into the AAO nanopores since the larger clusters are bigger than 

the AAO pore size, as shown in Figure 3.04B. 
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Figure 3.04 FE-SEM images of Au-AAO deposition on the surface and within the pores. (A-

C) Clusters of Au material sit on the surface of the AAO membrane. (D-F) Cross-sectional 

images show smaller beads of Au material that lie along the walls of the AAO nanopores. 

 

3.3.2. Carbon Char Deposition 

Sucrose was combined with the activating agent, ZnCl2, and then treated at a high temperature 

of 620 °C after deposition onto the AAO membrane to allow for carbonization to occur. This 

carbonization was confirmed through a color change from white to black, as shown in Figure 

3.05. 

 



   

49 

 

Figure 3.05 Deposition of carbonaceous material into AAO nanopores and development of 

carbon char indicated by a color change from (A) white to (B) black. 

 

Furthermore, FE-SEM images provide additional confirmation of the deposition of 

carbonaceous material into the AAO pores and on the surface, as shown in Figure 3.06. 
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Figure 3.06 FE-SEM images of carbon char AAO. (A-B) Surface of the AAO membrane with 

carbon char. (C-E) Cross-section of AAO with carbonaceous material deposited deeper into 

the nanopores. 
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3.3.3. Indium Tin Oxide Deposition 

To begin the process of the Indium Tin Oxide (ITO) deposition, the mechanisms of the process 

associated with the procedure were reviewed. It was noted that the initial step dealt with an 

activation of the AAO membrane through the reduction of Ag+ and the oxidation of Sn2+. Next, 

another redox reaction was carried out on the AAO by oxidizing Ag0 to Ag+ and reducing Pd2+ 

to Pd0, leading to the formation of palladium clusters on the surface and within the pores. The 

final step involved the increase of OH- concentration, which resulted from the combination of 

the OH- with In3+ and Sn2+ to generate In(OH)3 and Sn(OH)2; followed by the production of 

ITO from a 9:1 concentration ratio of In2O3 and SnO2 that replaces the previous palladium 

clusters. By carefully adjusting pH of the solution used for ITO deposition, the growth of 

nanotubes could be controlled. A summary list of the equations of the main steps involved in 

the deposition process based on Boehme et al. is reproduced here for reference: 

Sn
2+

 + 2Ag
+
 → Sn

4+
 + 2Ag (3.6) 

PdCl2  + 2Ag → Pd + 2Ag
+
 + 2Cl

−
 (3.7) 

In2(SO4)
3
 → 2In3+ + 3SO4

2-
 (3.8) 

SnSO4 → Sn
2+

 + SO4
2-

 (3.9) 

(CH3)
2
NH∙BH3 + H2O → BO2

-
 + (CH3)2NH + 7H++ 6e- (3.10) 

SO4
2-

+  H2O + e-→ SO3
2-

+ 2OH
-
 (3.11) 

In3++ 2OH
-
+ 2H2O → [In(OH)

4
]

-
+ 2H+ (3.12) 

Sn
2+

+ 2OH
-
+ 2H2O → [Sn(OH)

4
]

2-
+ 2H+ (3.13) 

2[In(OH)
4
]

-
 + 2H+ → In2O3+ 5H2O (3.14) 

[Sn(OH)
4
]

-
 + 2H+ → SnO2 + 3H2O (3.15) 
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9

10
In2O3+ 

1

10
SnO2

ox
→  (In2O3)

0.9
:(SnO2)

0.1
 (3.16) 

After several attempts of the full deposition process, it was determined that the procedure as 

described in the referenced paper was irreproducible. 

 

Multiple inconsistencies within the process, as well as the failure to reproduce the reference 

results, led to the conclusion that the possibility of reproducing the results is rather slim.  For 

the activation step, both AgNO3 and Co(NO3)2 were used in the solution. It has been previously 

established from the gold deposition that Ag+ aids in activating the AAO membrane by 

oxidizing the Sn2+ and reducing it to Ag0. It is unclear as to why Co(NO3)2 was used in this 

step. However, it is suspected that it might have served as a catalyst. In the literature text, the 

significance of the Co material was never discussed in further detail. In addition, before 

treating the membrane, the pH of the ITO solution was adjusted to pH≈3-7 by the addition of 

1 M NaOH. Because In2(SO4)3 is highly acidic and becomes insoluble above pH≈3, the solution 

was insoluble for the given pH range (pH≈3-7) compared to the article. Even after heating the 

ITO solution to dissolve all of the materials, a precipitate remained instead of forming a 

solution. 

 

Another problem that may have affected the deposition was the surface electrostatic potential 

of the AAO membrane. This appears to be positive as opposed to the negative surface potential 

of the polycarbonate membrane, which was used in the original article. To test this, the surface 

electrostatic potential of the AAO was determined by annealing at temperatures above 1100 

°C [20,25]. It was observed that, even with this change, there was no ITO nanotube growth. 
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Figure 3.07 shows none of the ITO deposited into the pores of the AAO, but there was material 

aggregated on the surface.  

 

Figure 3.07 AAO membrane with aggregation of ITO material on the surface. This major 

accumulation on the surface inhibits deposition of ITO into the pores. 

 

To gather the material accumulated on the AAO surface and confirm that no ITO nanotubes 

were produced, we dissolved the membrane in 1 M NaOH. Only clusters of material were 

shown in the FE-SEM images, as presented in Figure 3.08. This electroless deposition 

procedure was repeated with a polycarbonate membrane to replicate the original literature 

results. Using the polycarbonate membrane, it was impossible to yield ITO nanotubes (Figure 

3.09) due to the large ITO clusters remaining on the surface of the membrane. 
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Figure 3.08 ITO material after dissolving the AAO membrane. 

  

Figure 3.09 Polycarbonate membrane with ITO deposition. Clusters of ITO material remained 

on the surface without deposition into the pores. 
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3.3.4. Conductivity Test 

Electrical conductivity measurements were conducted by placing the probes of a voltmeter on 

the AAO and observing the resistivity of the membrane. A schematic of the conductivity test 

is provided in Figure 3.10.  The resistance of a material is the reciprocal to the conductivity. 

Therefore, lower resistance will yield a higher conductivity. For each of the deposited samples, 

there was no resistance displayed. As shown in the schematic, the deposited material in the 

AAO pores is not likely to protrude above the pores on the AAO surface. 

 

For this reason, the probes would be unable to make adequate electrical contact with the 

materials in the pores, especially with the probes being much larger than the pores at the 

nanoscale level. Since the AAO is an insulator, there will be no conductivity displayed. To 

attempt to make better contacts with the surface with the probes, liquid metal was applied to 

the surface to provide sufficient electrical contact. However, due to the hydrophobic nature of 

the surface, the metal would not remain on the surface. From the FE-SEM images, most of the 

electroless deposition occurred on the membranes' surface. To initially resolve the issue of 

nonconductivity, two pieces of sample-sized aluminum sheets were attached to the ends of 

both voltmeter probes, and the deposited AAO samples were sandwiched between the sheets 

in an attempt to ensure complete contact. With little to no deposition in the pores, it was 

impossible to have conductivity through the material since there was limited contact through 

the pores, and no conductivity could be detected.  
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Figure 3.10 Schematic of conductivity test of electroless deposited AAO samples. 

 

Subsequently, it was deduced that an insufficient amount of ITO material was exposed from 

the pores above the AAO surface. Therefore, for any conductivity measurement to occur, the 

materials must be deposited completely in the pores of the AAO and emerge from both sides 

of the membrane pores in order to guarantee detectable conductivity. 

 

3.4. Conclusion 

Electroless deposition strategies to deposit conductive materials within the AAO membrane 

nanopores were explored using Au, carbon char, and indium tin oxide (ITO). The strategies 

for Au and carbon char resulted in deposition. However, there was limited diffusion of the 

materials into the nanopores; most of the material clustered on the surface of the AAO 

membrane. For ITO deposition, the strategy based on a previous literature procedure had 

several discrepancies in the deposition process and could not be reproduced. Therefore, no 
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deposition of ITO occurred. With little to no deposition of any of the materials in the pores, it 

was impossible to have conductivity through the AAO membrane since there was limited 

contact of the materials through the pores. Consequently, no conductivity could be detected. 

 

Although the electroless deposition did not yield desired results, this technique of chemically 

depositing conductive materials is still of interest as a potential application for template-based 

study. For example, the deposition of ITO into the AAO nanopores could be simplified and 

improved upon by using 2-methoxyethanol as the solvent [26]. The ITO is prepared in solution 

and allowed to deposit into the AAO nanopores evenly. In contrast to the various chemicals 

and reactions in the deposition process from the literature reference, this method uses fewer 

chemicals to achieve ample ITO deposition. Furthermore, this process enables greater 

deposition of ITO through the AAO nanopores. Thus, this leads to better conductivity through 

the AAO membrane. With the acquired conductive property, these advanced membranes could 

be utilized to gain more insight into the interactions between the nanoporous membranes and 

biomolecules and the surface electrostatic properties of these nanopore-confined biomolecules. 
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CHAPTER 4: SURFACE ELECTROSTATIC POTENTIAL OF NANOPORE-

CONFINED PHOSPHOLIPID BILAYER IN HIGH‒TEMPERATURE ANNEALED 

AAO SUBSTRATE REVEALED BY SPIN-LABELING EPR OF A PH-SENSITIVE 

NITROXIDE 

 

4.1. Introduction 

Lipid bilayer membranes play a pivotal role in biology and also in energy transduction events 

occurring during photosynthesis. While some of these roles are undoubtedly structural in 

nature, others may be related to the electronic structure, as indicated by the need for lipids with 

an anionic headgroup, such as PG lipids. These lipids cause the surface of cellular membranes 

to be negatively charged, affecting many of the cellular processes. For this project, we decided 

to focus on POPG (1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol), which is a 

negatively charged lipid.  

 

Surface electrostatic potential is one of the essential properties of the bilayer membrane as it 

determines interactions of other molecules with the bilayer. For example, the surface potential 

affects the concentration of ions and other small molecules in the immediate vicinity of the 

bilayer [1] and facilitates intercellular and intracellular recognition and transport [2-3]. 

Because of a significant gradient of ion concentration at the bilayer interface, it is imperative 

to measure lipid bilayer electrostatic potential at well-defined positions with respect to the 

bilayer-water interface in order to further decipher the mechanisms of electrostatically driven 

biological phenomena in cells. 
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Currently, the group of analytical methods suitable for assessing the surface electrostatic 

potential of lipid bilayers is limited in its technical capabilities and comparisons. It mainly 

consists of atomic force microscopy [4-5], interaction force measurements [6], fluorescent 

spectroscopy [7-9], NMR [10-12], and spin-label EPR (13-20). Unfortunately, most of these 

methods suffer substantially when larger bilayer membrane systems are involved. Typically, 

spin-label EPR studies of bilayer electrostatics provide a wealth of data on the structure of 

these lipid systems. This technique aids in evaluating bilayer electrostatics by observing 

reversible ionization of EPR molecular probes upon pH titration. However, one of the 

limitations of this method is the ambiguity of the exact location of the measured potential 

because the locations of the partitioned EPR probe molecules in regard to the bilayer surface 

are largely unknown. 

 

Previously, SSLBs were developed to investigate the arrangement and functionality of lipid 

membranes by magnetic resonance, as explained in Chapter 1. However, the above-mentioned 

lipid membrane mimetics could only be formed from a relatively narrow class of lipids and 

lipid-like molecules and have several other restrictions such as temperature, pH, ionic strength, 

etc. More recently, anodic aluminum oxide (AAO) membranes with macroscopically ordered, 

homogeneous nanopores of tunable diameter were utilized to promote the self-assembly of 

lipid nanotubular bilayers inside the pores. The macroscopic alignment of the lipid assemblies 

provided by such structures assists in characterizing the biophysical properties of nanopore-

confined molecules by magnetic resonance methods, such as NMR and spin-label EPR.  
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In this work, we used a spin-label EPR titration method described in [21] to access surface 

electrostatic potential of AAO substrate-supported lipid multilamellar vesicles (MLVs). A pH-

sensitive phospholipid-based nitroxide probe (IMTSL-PTE) synthesized at NCSU was fully 

integrated into the lipid bilayer with minimal perturbation. The spin-labeled lipids were 

deposited onto the nanoporous substrate, allowed to self-assemble into cylindrical 

phospholipid nanotubes in the pores, subjected to various pH buffers, and then characterized 

by EPR. Once positioned at the membrane surface with surrounding charged and uncharged 

species, the EPR spectra of the membrane probe report directly on the protonated and non-

protonated forms of the nitroxide moiety since they have different magnetic parameters. This 

spectroscopic data of IMSTL-PTE results in the observed p𝐾𝑎  of the probe as a function of the 

bilayer electrostatic surface potential, which ultimately aids in its determination. 

 

The observed p𝐾𝑎 (or interfacial p𝐾𝑎
𝑖) of the spin probe at the membrane-water interface of 

the bilayer surface differs from the p𝐾𝑎 of the probe in pure bulk water, intrinsic p𝐾𝑎
0
 

(Equation 4.1). This difference is attributed to two Gibbs free energy components, Δ𝐺𝑝𝑜𝑙 that 

is required to relocate the charged probe from bulk aqueous solution to an interface with 

different local electrical permittivity, εi, and Δ𝐺e𝑙 that is ascribed to the local electrostatic 

potential, Ψ. As a result, the overall equilibrium between charged and uncharged species 

around the surface is altered. Because p𝐾𝑎 = −log10(𝐾𝑎), where 𝐾𝑎 is the equilibrium constant 

of protonation of the nitroxide moiety tertiary amino group, the interfacial p𝐾𝑎
𝑖 of the probe is 

expressed as: 

p𝐾𝑎
𝑖 = p𝐾𝑎

0 + ∆p𝐾𝑎
el + ∆p𝐾𝑎

pol
 (4.1) 
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where ∆p𝐾𝑎
pol

 and ∆p𝐾𝑎
el

 are contributions from the polarity shift and the surface electrostatic 

potential, respectively [7,9,15].  

 

In relation to ∆p𝐾𝑎
el

, the surface electrostatic potential can be determined as: 

∆p𝐾𝑎
el =

−𝑒𝛹

ln(10)𝑘T
 (4.2) 

where e is the elementary charge, k is the Boltzmann constant, and T is the absolute 

temperature. 

 

In order to determine ∆p𝐾𝑎
el

, the other contributions to p𝐾𝑎
𝑖, p𝐾𝑎

0 and ∆p𝐾𝑎
pol

, must be 

measured at the desired temperature of the full experiment since the interfacial p𝐾𝑎
𝑖 is 

temperature dependent. The intrinsic p𝐾𝑎
0 can be obtained by experimentally titrating a model 

spin probe. M. Voinov et al.  synthesized water-soluble IMTSL-2-mercaptoethanol (IMTSL-

ME) adduct to model IMTSL-PTE and found the intrinsic p𝐾𝑎
0 to be 3.33 ± 0.03 from EPR 

titrations [1]. In contrast, ∆p𝐾𝑎
pol

 could be influenced by the location of the probe with respect 

to the bilayer surface, along with chemical moieties in the surrounding area. M. Voinov et al. 

resolved by measuring p𝐾𝑎
𝑖 for a probe incorporated into a model bilayer system with a 

chemically similar but uncharged interface, the electrostatic shift is absent, and also Ψ=0 and 

∆p𝐾𝑎
el

=0 [1]. Therefore, the observed p𝐾𝑎 difference should be entirely attributed to ∆p𝐾𝑎
pol

. 

The surfactant Triton X-100 was selected as the reference system since it lacks any charged 

species. Triton X-100 forms micelles that can be employed as a nonpolar electrically neutral 

model interface between the aqueous phase and lipid-like phase. The IMTSL-PTE probes were 

integrated into Triton X-100 micelles and allowed the authors to calculate for the polarity shift 
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∆p𝐾𝑎
pol

=0.81± 0.03 with the previous intrinsic p𝐾𝑎
0 at 17 °C. Using the previously determined 

intrinsic p𝐾𝑎
0
 and experimentally determined ∆p𝐾𝑎

pol
, the  ∆p𝐾𝑎

el
 of the AAO SSLBs can be 

determined from Equation 4.2.  

 

As referred to in Chapter 2, the AAO substrates can experience defects in the oxide layer that 

stem from minor impurities in the surface state of the starting metal before anodization or to 

the anions incorporated from the electrolyte solution after anodization [55]. Because of these 

defects, a background signal of the AAO substrate is observed in the EPR spectra amongst the 

signal of the spin probe. Additionally, for AAO with smaller pore diameter (<50 nm), the 

apparent pH of the inner channels will be lower than the bulk pH [22], which will significantly 

impact the spectra of the lipid samples. In order to diminish AAO background signal from 

defects and improve the overall spectra, the AAO substrate must be annealed at high 

temperatures above 500 °C. In this chapter, we report on the effect of high-temperature 

annealing of the AAO substrate on the measurement of surface electrostatics of POPG lipid 

bilayers revealed with spin-labeling EPR of IMTSL-PTE. 

 

4.2. Experimental Section 

 

4.2.1. Materials and Chemicals 

1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (POPG) lipids (>99% pure) was 

purchased from Avanti Polar Lipids (Alabaster, AL) as a chloroform solution and stored at -

80 °C before use without any further purification. IMTSL-PTE was provided by Dr. Max 

Voinov and synthesized as described elsewhere [21]. All other chemicals were purchased from 

Sigma-Aldrich (St. Louis, MO), Acros Organics (Morris Planes, NJ), Sigma Aldrich/Merck, 
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KGaA (Darmstadt, Germany), or VWR International, LLC (Radnor, PA, USA) unless 

otherwise indicated. 

 

4.2.2. Preparation of AAO Substrates with Homogeneous Pore Distribution 

The AAO substrates were prepared in-house by a two-step anodization process similar to the 

one described by Masuda and Fukuda [23]. A high-purity aluminum foil (99.99%, 0.127 mm 

thick, Strem Chemicals, Inc., Newburyport, MA, USA) was utilized as the starting material. 

An aluminum foil was cut into 3 by 2 cm strips. Each strip was anodized in 4 wt% oxalic acid 

for 2 h at 40 V. Afterwards, the initial alumina oxide formed on the aluminum foil was 

subsequently stripped down in a mixture of 3.5% H3PO4 and 45 g/L of CrO3 at 87 °C for about 

10 min and then washed thoroughly in deionized water. Immediately following this procedure, 

the aluminum foil was re-anodized for 1 h. A thin layer of a household nail polish (Sally 

Hansen, Coty Inc., New York, NY), was then applied to one side of the foil in order to protect 

it from further anodization. Once thoroughly dried, the anodization step continued at 40 V for 

about 32-40 h, depending on the desired pore length of ~35-45 nm. After completing the 

anodization, the nail polish was removed with acetone. Next, the thin back-side oxide layer 

was removed by floating the aluminum piece on the surface of 10% H3PO4 for about 2 hrs at 

room temperature. The remaining metallic aluminum was dissolved in 10% CuCl2 solution at 

room temperature under mild sonication, leaving the alumina oxide. To completely open up 

the nanopores from the barrier side, as well as to enlarge the pores to a desired diameter, the 

alumina oxide piece was subsequently treated with 5% H3PO4 aqueous solution for a controlled 

amount of time (typically 0.5-1 h for pore diameter ~35-45 nm). 
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The pore morphology and structure of all the fabricated AAO were examined by FEI Verios 

460L SEM instrument installed and operated by the NCSU Analytical Instrumentation Facility 

(AIF). For SEM imaging, small pieces of AAO were broken from the larger membranes and 

mounted on a sample holder using double-sided carbon tape (Electron Microscopy Sciences). 

Low accelerating potentials (e.g., 500 V) were employed to suppress sample charging. The 

pore diameters were analyzed directly from the SEM images using ImageJ (NIH) software. 

 

4.2.3. High-Temperature Annealed Nanoporous AAO Substrates 

For annealing at 800 oC, the AAO substrates were heated on a ceramic plate to 800 oC at 

1°C/min ramp for 3 h in a 62700 Furnace (Barnstead Thermolyne Corporation, Ramsey, MN).  

 

4.2.4. Preparation of Spin-labeled Lipid Vesicles 

Spin-labeled multilamellar vesicles (MLVs) were prepared by mixing chloroform solutions of 

POPG lipids with 1 mol % of IMTSL-PTE or MTSL-PTE. Organic solvents were evaporated 

with a nitrogen stream yielding a thin lipid film on the surface of a 5-mL conical glass vial. 

Residual solvent was removed by evacuating the vial in a vacuum desiccator connected to a 

rotary pump overnight. The dried lipid films were rehydrated by adding 400-500 µL of 50 mM 

phosphate buffer at pH=7.00 and then subjected to about 10 consecutive freeze-thaw cycles 

between liquid nitrogen and a water bath at 37 oC to disrupt large aggregate of lipids. The final 

lipid concentration was ~20 w/w %. 
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4.2.5. Preparation of Spin-labeled Lipid Vesicles Doped with Gramicidin A 

Spin-labeled MLVs were prepared by mixing chloroform solutions of the POPG lipids with 1 

mol % of IMTSL-PTE or MTSL-PTE and 1:300 mol of gramicidin A to POPG lipids. MLVs 

were prepared as above. The final lipid concentration was ~20 w/w %. 

 

4.2.6. Preparation of AAO Nanopore-confined POPG MLVs 

Approximately 10 µL aliquot of lipid suspension was pipetted onto the surface of laser-cut 

AAO strips (3x8 mm2). The lipids were allowed to enter the nanopores (~35-45 nm pore 

diameter, 57 μm pore length) and dry at ambient conditions on a Teflon plate overnight. Then, 

the strips were rehydrated for measurement by dripping aqueous buffer with the desired pH 

onto the AAO piece. 

 

4.2.7. pH adjustment of 50mM Phosphate Buffers 

Approximately 0.5 mL of phosphate buffer was placed into a 1.5-mL Eppendorf tube and pH 

of the bulk solution was adjusted by titration with a 0.1 M HCl solution or a 0.05 M NaOH 

solution. The pH was measured by an Orion pH electrode 98 series (Thermo Scientific, 

Beverly, MA) at 17 oC to remain consistent with the temperature of the overall EPR 

experiment. 

 

4.2.8. pH adjustment of AAO Nanopore-confined Lipid Bilayers 

AAO strips with deposited lipid suspension were inserted into a flat EPR capillary and then 

placed into a buffer solution (2 ml) with required pH for 30 min at 17 oC. To ensure complete 
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pH equilibrium, the SSLBs were measured after each buffer exchange for 30 min until there 

was no change in EPR spectra. 

 

4.2.9. EPR measurements 

All nanopore-confined lipid samples were measured using continuous-wave (CW) EPR 

spectroscopy at X-band (9.5 GHz) to follow pH-induced changes in magnetic parameters of 

the spin-labeled phospholipid. The buffer solutions were drawn into a miniature hollow glass 

tube (i.d. = 0.1 mm, VitroTubes™, Mountain Lakes, NJ), the ends of the capillary were sealed 

with Critoseal® (Leica Microsystems Inc., Buffalo Grove, IL). Enclosing the samples in the 

rectangular glass tubing prevented water evaporation from the nanopores. The samples were 

examined visually before and after the EPR measurement to ensure that the nanopores 

remained filled with the buffer solutions.  

EPR spectra were recorded at 17 oC with a Varian E-109 (Varian Inc., Palo Alto, CA) 

spectrometer interfaced to a PC and digitized to 2048 data points. When using the Varian 

spectrometer, the sample temperature was maintained by a digital variable temperature 

accessory with a stability better than +/-0.02 oC and a gradient below 0.07 oC/cm over the 

sample region [24].  

 

4.3. Results and Discussion 

 

4.3.1. Choice of Lipids for Model Bilayer Systems 

Phosphatidylglycerol (PG) lipids are the most abundant anionic lipids in nature and make up 

most of the cellular membrane for prokaryotic cells, such as bacteria or plants. Because of their 
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negative charge, they cause the surface of cellular membranes to also be negatively charged. 

Additionally, anionic lipids such as PG lipids play many roles in cellular function due to their 

basic and electronic structure. As a result, PG lipids have been extensively used as constituents 

of model membranes in studies [25-30]. Lipid bilayers formed from the longer-chain, 

unsaturated POPG lipid undergo a main phase transition temperature of Tm= -2 oC. For a fixed 

headgroup structure, the hydrophobic tails of the lipids can take many different forms and 

govern the phase of the lipid bilayer. By reducing the chain length or increasing the number of 

unsaturated bonds in the chains, a lower Tm can be achieved. Thus, the low Tm makes POPG 

lipids a rather convenient model for biophysical studies of membrane properties because it 

guarantees the biologically relevant fluid phase for these lipid systems when subjected to a 

wide range of pH and ionic strength conditions at or slightly below room temperature. 

 

Figure 4.01 Chemical structure of POPG lipid. 

 

4.3.2. Characterization of the Nanoporous AAO Substrates and Lipid Deposition 

Figure 4.02 shows representative SEM images of the back sides of two nanoporous AAO 

membranes fabricated for this study. The images reveal a heterogeneous ordered pore 

morphology that is untypical for the two-step anodization procedure as previously described 

in Chapter 1. The pore diameters were analyzed directly from these images using ImageJ. The 

pore diameters were determined to be ~38 nm.  
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Figure 4.02 SEM images of top (A-B) and bottom (C-D) sides of the AAO substrate (d≈38 nm, 

thickness=57 µm). 

 

With such small pore diameter, it was unclear if the lipid systems in fact, deposited within the 

nanopores. In order to confirm that the lipids deposited, EPR spectrum of the usual parallel 

orientation was compared to the spectrum of the perpendicular orientation (Figure 4.03). There 

was no change in the spectra suggesting that the lipids were deposited within the AAO 

nanopores. 
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Figure 4.03 Effects of orientation of nanoporous AAO substrate with deposited nanotubular 

POPG lipid bilayers doped at 1 mol% with IMTSL-PTE vs. magnetic field on X-band EPR 

spectra. (A) A superposition of the spectra measured with magnetic field perpendicular (red) 

and parallel (magenta) to the static magnetic field shows small but noticeable changes in the 

average hyperfine splitting due to the sample macroscopic alignment. These changes are 

clearly seen at the insert showing a magnified low-field nitrogen hyperfine coupling 

component for the spectra aligned by the central (𝑚𝐼=0) hyperfine line. These orientation 

effects are expected to be small for the spin label attached to the lipid polar head via a flexible 

tether. (B) The difference between the spectra shown in (A) and aligned by adjusting isotropic 

g-factors and intensities by a least-squares procedure. (C) A consequent reorientation of the 
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AAO substrate perpendicular to the magnetic field yielded an EPR spectrum identical to the 

one acquired initially: the red and magenta spectra are essentially indistinguishable when 

superimposed on one another and (D)  the difference spectrum shows only random noise. The 

latter spectra show that minor misalignments of the AAO substrate with respect to magnetic 

field have no effects on the EPR spectra.  All spectra were measured at 17 °C for lipid bilayers 

equilibrated at pH=7.00. For each of the orientations, 4 different spectra were measured, 

yielding identical results. 

 

4.3.3. Effect of Unannealed AAO Substrate on EPR spectra of Nanopore-confined Lipid 

Bilayer 

A pH-sensitive nitroxide labeled at the headgroup of a phospholipid probe (IMTSL-PTE) 

(Figure 4.04), synthesized by the Smirnov group, was fully integrated into the lipid bilayer of 

POPG lipid deposited onto unannealed AAO substrate. The IMTSL-PTE probe undergoes 

reversible protonation at the tertiary amine that is not part of the nitroxide moiety, as shown in 

Figure 4.05, resulting in a localized positive charge. Then, a component of the positive internal 

electric field directed along the N-O bond will partially stabilize the nitrogen p orbital and 

destabilize the oxygen p orbital, leading to a partial shift of the spin density from N to O. This spin 

density change is reflected as magnetic parameters (such as the hyperfine coupling constant). 

Because of the electrostatics of the substrate-supported bilayer, fluctuations of charged and 

uncharged species occur, leading to changes in the ionization of the probe. By varying the pH, 

the induced changes in the acid-base equilibrium at the interface between the protonated and 

nonprotonated forms of the nitroxide are revealed. The protonated and nonprotonated forms 

have different rotational motions, and those forms can be detected from EPR spectra, reporting 

on the ionization state (pKa) of the probe.  
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Figure 4.04 Similar lipid structure of a) a spin-labeled probe and b) a POPG lipid. 

 

Figure 4.05 Protonation of IMTSL-PTE at the interface of POPG MLVs. Reproduced from ref. 

[31]. 

 

A series of EPR spectra (normalized by frequency and intensity) of the IMTSL-PTE spin-

labeled POPG nanotubular bilayers confined by unannealed AAO substrate as a function of 

bulk pH are displayed in Figure 4.06. The spectra are typical for nitroxides in intermediate to 

slow motion regimes and demonstrate that the spectral line shape is altered upon the adjustment 

of the bulk pH of the sample. An additional slow-motion spectral component began to appear 

in the low-field portion as the fraction of the protonated form of the probe increased upon 

lowering the pH. This slow-motion component was accompanied by a decrease of an 

intermediate motion component corresponding to the unprotonated nitroxide form.  
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Figure 4.06 X-band EPR spectra of AAO substrate-supported POPG doped with 1 mol% 

IMTSL-PTE acquired for various pH at 17 °C. 

 

However, there was background EPR signal from the AAO substrate, causing an interference 

with both spectral components and thus disrupting the determination of the probe’s pKa. 

Consequently, this AAO background signal had to be resolved with high-temperature 

treatment. 

 

4.3.4. High-Temperature Annealing of the AAO Substrate 

Figure 4.07 shows the spectra of the annealed AAO substrate at various high temperatures. As 

the temperature increases, the background signal of the AAO decreases. For 800 °C, the signal 

has significantly decreased, and thus, any high-temperature annealing above 800 °C will no 

longer affect the EPR spectra of the lipid bilayers within the pores. In this project, the AAO 

was annealed at 800 °C.  
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Figure 4.07 Effect of high-temperature annealing of nanoporous AAO substrate (A) A 

superposition of the experimental unannealed AAO spectrum (red) and the unannealed AAO 

spectrum broadened to 3 Lorentzian points (blue); (B) The difference between the spectra 

shown in (A) and aligned by adjusting isotropic g-factors and intensities by a least-squares 

procedure. The red and blue spectra are essentially indistinguishable when superimposed on 

one another; (C)-(F) spectra measured after annealing the AAO substrate at each temperature. 

There is a decrease in the AAO background signal as the temperature increases.  
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4.3.5. Determination of Surface Electrostatic Potential of Nanopore-confined POPG 

Lipid Bilayer in Annealed AAO Substrate 

A series of EPR spectra (normalized by frequency and intensity) of the IMTSL-PTE spin-

labeled POPG nanotubular MLVs confined by annealed AAO substrate for each bulk pH 

measured at 17 °C are displayed in Figure 4.08. The spectra are typical for nitroxides in 

intermediate to slow motion regimes and demonstrate that the spectral line shape is altered 

upon the adjustment of the bulk pH of the sample. An additional slow-motion spectral 

component began to appear in the low-field portion as the fraction of the protonated form of 

the probe increased upon lowering the pH. A decrease of an intermediate motion component 

corresponding to the unprotonated nitroxide form accompanied this slow-motion component. 

 

Figure 4.08 X-band EPR spectra of nanopore-confined POPG lipids doped with 1 mol% 

IMTSL-PTE in AAO substrate annealed at 800 °C acquired for various pH at 17 °C. 

 

Experimental EPR spectra were least-squares simulated as a superposition of spectra 

corresponding to pure unprotonated (highest pH spectra) and protonated (lowest pH spectra) 
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forms to determine the fraction of non-protonated component (Equation 4.3) using an 

EWVoigt program developed by Dr. Smirnov and the methods described in [1].  

𝑓 =
𝐷(𝑅)

𝐷(𝑅)+𝐷(𝑅𝐻+)
 (4.3) 

where 𝐷(𝑅) is the double integral of the non-protonated component and 𝐷(𝑅𝐻+) is the double 

integral of the protonated component. An example of this simulation for IMTSL-PTE labeled 

POPG in the AAO substrate at pH=4.08 is shown in Figure 4.09. The difference between the 

experimental and simulated spectra (or the residual of the superpositioning) is a straight line, 

which confirms the application of the pH-induced lipid mobility model.  
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Figure 4.09 Least-squares decomposition of the experimental X-band (9.5 GHz) EPR 

spectrum of IMTSL-PTE 1 mol%-doped POPG MLVs in annealed AAO at 800 °C  acquired at 

pH=4.08 and 17 °C. (A) Experimental spectrum; Least-squares simulated spectra of (B) 

nonprotonated and (C) protonated forms of the nitroxide; (D) simulated spectrum; (E) residual 

of the fit. Adapted from ref. [31]. 

 

The experimentally determined fractions, f, were plotted vs. pH and fitted to a modified 

Henderson-Hasselbalch equation (Equation 4.4), yielding a titration curve (Figure 4.10).  

𝑓 =
10(𝑝𝐻−𝑝𝐾𝑎)

1+10(𝑝𝐻−𝑝𝐾𝑎) (4.4) 

where the p𝐾𝑎 is the interfacial p𝐾𝑎
𝑖 of the probe. From this fitting, the interfacial p𝐾𝑎

𝑖 was 

assessed to be pH= 4.08 ± 0.08.  
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Figure 4.10 Titration curve of annealed AAO substrate-supported POPG lipids doped with 

IMTSL-PTE at 17 °C. 

 

Using the p𝐾𝑎
𝑖 with the additive contributions of the interfacial polarity ∆p𝐾𝑎

pol
 and intrinsic 

p𝐾𝑎
0 previously determined in [1], the electrostatic term of IMTSL-PTE spin-labeled POPG 

was determined to be ∆p𝐾𝑎
el

= 1.56 ± 0.09 from Equation 4.1. Subsequently, the surface 

electrostatic potential of the nanopore-confined bilayers can be evaluated as 𝛹= ‒90 ± 5 mV 

in Equation 4.2. These electrostatic values determined for lipids in smaller, annealed nanopores 

(~38 nm) are lower than electrostatic values previously determined for unsupported POPG 

unilamellar vesicles (ULV) and MLVs with larger diameter (>45 nm) measured at 17 °C, 

which are shown in Table 4.01 (*P<0.1, one-tailed Mann-Whitney test).  

 



   

80 

 

Typically, a decrease in the vesicle diameter (or increase of curvature) generates a local 

packing density of the lipid polar headgroups, which ultimately increases the surface potential 

(as exhibited in Table 4.01). Figure 4.11 similarly shows how increasing the size of the lipid 

vesicle decreases the surface potential. 

 

Table 4.01 Interfacial p𝐾𝑎
𝑖, polarity-induced and electrostatic shifts, ∆p𝐾𝑎

el
, measured for 

POPG SUVs doped with 1% IMTSL-PTE at 17 °C. Data was reproduced from ref. [31]. 

 

Vesicle type Diameter, nm p𝐾𝑎
𝑖 ∆p𝐾𝑎

el
 𝛹, mV 

ULV 49 5.22 ± 0.04 2.69 ± 0.02 ‒155 ± 1 

ULV 65 5.02 ± 0.06 2.50 ± 0.07 ‒144 ± 4 

ULV 107 4.90 ± 0.05 2.38 ± 0.07 ‒137 ± 4 

MLV ‒ 5.49 ± 0.03 2.97 ± 0.05 ‒171 ± 3 

 

 

Figure 4.11 Effect of curvature (vesicle diameter) on the surface electrostatic potential in 

lipid unilamellar vesicles. Reproduced from ref. [31]. 
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We speculate that the lower absolute values of the negative surface electrostatic potential of 

the lipids confined in the smaller ~38 nm nanopores is a direct consequence of electrostatic 

interactions of the lipids with the pore surface. Indeed, the preceding studies of even smaller 

annealed nanopores of ca. 18 and 29 nm in diameter indicated that pH inside the pores was 

about 0.5−0.8 pH unit lower than the bulk pH [32]. Furthermore, it was found that an increase 

in acidity of the bulk solution led to a steady decrease of the negative charge on inner surface 

of the ~38 nm nanopores and its recharge from a negative to a positive value at pH 4.7 ± 0.1, 

corresponding to the point of zero charge (pzc). Thus, at pH= 4.08 ± 0.08, the inner surface of 

the AAO pores is positively charged. This charge partially compensates for the larger negative 

surface potential of lipid bilayers, contributing to a lower surface electrostatic potential value 

overall.  

 

4.3.6. Determination of Surface Electrostatic Potential of Nanopore-confined POPG 

Lipid Bilayer Doped with Gramicidin A in Annealed AAO Substrate 

To facilitate a complete probe pH equilibration inside and outside of the lipid bilayer, a small 

ionophore, gramicidin A (gA), was inserted into the spin-labeled POPG MLVs to act as a 

proton channel [31]. In lipid bilayers, the gramicidin A dimerizes to form an ion channel to 

assure proton transfer on both sides of the formed lipid bilayer during buffer exchanges. POPG 

lipid doped with gA (1-3 channels per vesicle) and IMTSL-PTE (1 mol%) was titrated using 

the EPR titration method described earlier in section 4.3.5. 

 

Figure 4.12 shows representative EPR spectra for the IMTSL-PTE spin-labeled POPG 

nanotubular MLVs doped with gA in annealed AAO substrate for each bulk pH measured at 
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17 °C. The corresponding titration curve (Figure 4.13) indicates that the interfacial p𝐾𝑎
𝑖 of the 

nanopore-confined POPG lipids with gA is essentially the same that of the interfacial p𝐾𝑎
𝑖 

without gA (summarized in Table 4.02). 

 

Figure 4.12 X-band EPR spectra of nanopore-confined POPG lipids doped with 1 mol% 

IMTSL-PTE and gramicidin A in AAO substrate annealed at 800 °C acquired for various pH 

at 17 °C. 
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Figure 4.13 Titration curve of annealed AAO substrate-supported POPG lipids doped with 

IMTSL-PTE and gramicidin A at 17 °C. 

 

Table 4.02 Interfacial p𝐾𝑎
𝑖, polarity-induced and electrostatic shifts, ∆p𝐾𝑎

el
, measured for 

POPG SUVs doped with 1% IMTSL-PTE at 17 °C. 

 

Vesicle type p𝐾𝑎
𝑖 ∆p𝐾𝑎

el
 𝛹, mV 

POPG 4.08  ± 0.08 1.56 ± 0.09 ‒90 ± 5 

POPG w/Gram 4.03 ± 0.07 1.51 ± 0.08 ‒87 ± 5 

 

These results show that the lipid bilayers formed inside AAO are rapidly (within a few minutes) 

re-equilibrated at a new pH value regardless of whether or not proton-conducting gramicidin 

A channel is present. This is likely due to a presence of defects on the pore surfaces that provide 

efficient pathway for protons to enter a thin water layer between the bilayer and the pore walls. 
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The data also indicate that after the lipid deposition, the pores remain open to small molecules 

and ions such as +H [31-34]. 

 

4.4. Conclusion 

The effect of high-temperature annealing of the AAO substrate on the surface electrostatic 

potential of the substrate-supported POPG lipids with IMTSL-PTE spin label was examined. 

Background signal of the substrate was removed by high-temperature annealing at 800 °C, 

which allowed for EPR titration and measurement of the nanopore-confined IMTSL-PTE spin-

labeled POPG lipids. Each EPR spectrum was decomposed into the nonprotonated and 

protonated form, and the surface electrostatic potential was determined from the interfacial 

p𝐾𝑎
𝑖 due to pH-induced changes. Specifically, nanopore-confined POPG demonstrated surface 

electrostatic potential significantly different from multilamellar vesicles by approximately 60 

mV. It is likely that the positively charged inner surface of the AAO counterbalancing the 

negative surface electrostatic potential of the lipid MLVs is responsible for this substantial 

difference. However, with the addition of gramicidin A, these AAO substrate-supported POPG 

lipids with IMTSL-PTE showed small variations in the surface electrostatic potential. Thus, 

the nanopore-confined lipid bilayers completely re-equilibrated for each pH value.  

 

By utilizing magnetic resonance approaches, such as this technique, more insight can be gained 

into the macromolecular dynamics of membrane lipids/proteins and, therefore, elucidate the 

potential for biotechnological applications, such as biosensors and biochips built with 

membrane proteins and receptor complexes. 
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Appendix A 

As described in Chapter 3, a least squares simulation method was utilized to determine the 

fraction of the non-protonated nitroxide species, f. Specifically, an experimental EPR spectrum 

at an intermediate pH, I(B), was modeled as a superposition of spectra from the non-protonated 

and protonated species, FR(B) and FRH+(B), respectively:  

I(B) = a • FR(B) + b • FRH+(B)  (1) 

For the simulation procedure, FR(B) and FRH+ (B) spectra could be measured experimentally 

and then used for spectral decomposition to derive the coefficients a and b. The fraction of the 

non-protonated form of the nitroxide, f = a•DR/(a•DR + b•DRH+), is then calculated from the 

double integrals DR and DRH+ of the corresponding FR(B) and FRH+(B) spectra and the 

coefficients a and b. However, some of the experimental EPR spectra could contain an 

intermixture of an out-of-phase EPR signal and also may have shifted in the magnetic field due 

to a change in the resonator frequency. To account for these factors, convolution filtering was 

employed to aid in the correction of the phase distortion by digital convolution with a 

Lorentzian function of the desired phase (S1). Specifically, the phase shift Δφ and Δφ+, 

magnetic field ΔB and ΔB+ parameters, and the intensity coefficients a and b were adjusted 

during the least-squares Levenberg–Marquardt optimization to minimize:  

I(B)  L(0,0,ΔBpp) – {a • FR(B)  L(ΔBR, ΔφR,ΔBpp) + b • FRH+(B)  L(ΔBRH+, ΔφRH+,ΔBpp)} 

→ 0  (2) 

where the operator  is for the convolution integral and L(ΔBi, Δφi,ΔBpp) are the Lorentzian 

functions of the peak-to-peak width, ΔBpp, the phase shift from pure absorption, Δφi, and the 

magnetic field shift, ΔBi. This convolution fitting allows for adjustment of the phase and field 

position misalignments by varying parameters of the corresponding Lorentzian functions that 
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are determined analytically while FR(B) and FRH+(B) are measured experimentally. Typically, 

the parameter ΔBpp (which should be the same for all three Lorentzian functions in expression 

(S2)) was set to be equal to three digitizing intervals of an EPR spectrum.  

 

For this spectral simulation method, the reference spectra for the protonated and non-

protonated nitroxide forms of the spin probe are required. Experimental EPR spectra are 

measured for pH increments of approximately 0.5 pH units in the pH intervals below and above 

the estimated (or expected) pKa of the probe and then compared. If there are no measurable 

changes observed in two consecutive spectra taken at the most acidic (lowest) pH value, either 

spectrum could be used as a reference spectrum for FRH+(B). The reference spectrum was 

selected for FR(B) by repeating a similar procedure for EPR spectra recorded at the least acidic 

(highest) pH value above the probe pKa. 

 

The experimental EPR spectra were least-squares simulated as a superposition of the reference 

spectra corresponding to highest pH spectra (pure unprotonated) and lowest pH (protonated 

spectra) forms to determine the fraction of non-protonated component using an EWVoigt 

program developed by Dr. Smirnov and the methods described in (S3).  An example of this 

simulation for IMTSL-PTE labeled POPG nanotubular bilayers in the AAO substrate at 

pH=4.08 is shown in Figure 4.09. The difference between the experimental and simulated 

spectra (or the residual of the superposition) is a straight line, which confirms the application 

of the pH-induced lipid mobility model. 
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