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   Polymeric functional thin films realized on the various surfaces have recently enormous 

attention due to their widespread potential applications including nano-electronics, 

biomedical devices, functional coatings, and surface modifications, because those soft 

materials based thin films are typically low-cost and simple process with specific and tailored 

functions. In order to apply those thin film materials for wide spectrum of research fields, the 

fundamental understanding of thin film surface as well as the mechanism of thin film growth 

are absolutely necessary. Among the available methods to realize functional thin films, the 

layer-by-layer (LbL) assembly method has rapidly expanded to become a premier method for 

the preparation of thin films with tailored properties owing to its versatility not only with 

respect to the shape of the substrates including planar, spherical, and porous surfaces but also 

with respect to the interactions allowing the buildup of thins films. In this thesis, we focus on 

the preparation of functional multilayer films under a confined geometrical condition rather 

than conventionally studied flat or colloidal substrates. Those three-dimensional thin films 

prepared on non-planar surfaces have a significant difference on not only their build-up 

mechanism but also their characteristics arose from the environmentally confined structures 
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compare with those constructed on two-dimensional surface. Furthermore, since the size and 

structural properties of such materials can be dominantly modulated by the shape and the size 

of the templates utilized, the morphological features of material can easily be tuned. More 

specifically, materials that possess extremely high aspect ratio can be achieved in large 

quantities based on nanoporous templates used. Along with this, the unique properties of thin 

films can be combined with confinement effect to utilize thin films for practical applications 

as well as to have more pronounced and increased their effect resulting from a confined 

geometry. Brief introduction of the LbL assembly method, particularly on a non-planar 

substrate, is described in Chapter 1. 

   In Chapter 2, cylindrical nanoporous templates, called anodic aluminum oxide (AAO) are 

prepared by second anodization method. The formation of oxide layer on the various metal 

surfaces can be modulated by various experimental parameters such as electrolytes, 

temperature, solution concentration, and applied voltage during electrochemical reactions, 

called anodization process. However, only disordered porous alumina by the anodization of 

aluminum has been achieved before second-anodization has been introduced. We could 

obtain well-defined self-ordered porous alumina by utilizing second anodization method, 

which can be used as templates for preparation of various nano-scale structures. 
   It has been regarded as a daunting task to deposit polymers homogeneously on the entire 

nanoporous substrates with extremely narrow pore size based on the template-assisted LbL 

assembly method due to the limited diffusion of polymer chains into narrow pores, called the 

entropic entry problem. In Chapter 3, in order to overcome such entropic barrier, we 

controlled the ratio of polymer dimension to pore diameter by varying the molecular weight 

of polymers and, at the same time, finely tuned the chain conformation and the aggregation 

condition by adjusting solution pH as well as the valency of salts in solution for the uniform 

deposition of polyelectrolytes on the sidewalls of AAOs. By optimizing these controls, we 
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succeed in demonstrating well-defined polymeric nanotubules with diameters less than 100 

nm. 

    In Chapter 4, not only non-functional polymeric multilayers but also stimuli-responsive 

swellable multilayers were introduced into nanoporous templates through LbL assembly 

method. The translocation behavior of small spherical molecules as well as linear chained 

molecules through the stimuli-responsive membranes has been studied in detail. By utilizing 

this concept, it was possible to prepare nanofiltration membranes with various cutoffs 

realized in one membrane. 

   In the last part of this thesis (Chapter 5), degradable multilayer thin films within porous 

substrates are utilized for controlled protein release system. Up to now, it has been regarded 

as a challenging task to prevent the initial burst release of active agents as the multilayer 

films are immediately degraded from the early stage. In order to prevent such an initial fast 

release, we have employed cylindrical porous structures since the effective diffusion 

coefficient of a solute within pores is known to be lower than the value in the bulk state, 

resulting from hydrodynamic and entropic restriction on the solutes due to the presence of 

pore walls. By varying the pore size of porous membranes used, we could modulate the 

release kinetics of a model protein incorporated within multilayered films, allowing the 

release of the model proteins in a more sustained manner when compare with the release 

from a flat substrate without additional controlled parameters. 
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Chapter 1. Introduction 
 
1.1 Functional Thin Films 

      

     Polymeric functional thin films realized on the various surfaces have recently enormous 

attention due to their widespread potential applications including nano-electronics, biomedical 

devices, functional coatings, and surface modifications, as reviewed in a number of recent 

papers,[1-5] because those soft materials based thin films are typically low-cost and simple 

process with specific and tailored functions. In order to apply those thin film materials for wide 

spectrum of research fields, the fundamental understanding of thin film surface as well as the 

mechanism of thin film growth are absolutely necessary. Furthermore, the incorporation of 

desired functionalities into thin films for aimed and designed applications has to be fully 

understood. Among the available methods to realize functional thin films such as Langmuir-

Blodgett,[6] self-assembled monolayer,[7] atomic layer deposition,[8] and surface grafting 

techniques,[9] the layer-by-layer (LbL) assembly method has rapidly expanded to become a 

premier method for the preparation of thin films with tailored properties owing to its versatility 

not only with respect to the shape of the substrates including planar, spherical, and porous 

surfaces but also with respect to the interactions allowing the buildup of thins films. Furthermore, 

the desired amount of various materials can be readily incorporated within the thin film geometry 

with nanoscale control through complementary interactions, resulting in unique properties of thin 

films such as stimuli-responsive behavior, systematic degradation of thin films, or encapsulation 

of functional materials. 
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     In this thesis, we focus on the preparation of functional multilayer films under a confined 

geometrical condition rather than conventionally studied flat or colloidal substrates. Those three-

dimensional thin films prepared on non-planar surfaces have a significant difference on not only 

their build-up mechanism but also their characteristics arose from the environmentally confined 

structures compare with those constructed on two-dimensional surface. It has been well known 

that the properties of LbL assembled thin films can be easily modulated by simply tuning the 

assembly conditions of species absorbed. In particular, the formation of polymeric thin films 

within a confined geometry is critically affected by those assembled conditions.[10] Moreover, the 

nanomaterials consisting of thin film materials can be obtained after selective removal of non-

planar templates. Since the size and structural properties of such materials thus prepared can be 

dominantly modulated by the shape and the size of the templates utilized, the morphological 

features of material can easily be tuned. More specifically, materials that possess extremely high 

aspect ratio can be achieved in large quantities based on nanoporous templates used (Chapter 3). 

Along with this, the unique properties of thin films, typically well known for those on planar 

surface, can be combined with confinement effect to utilize thin films for practical applications 

as well as more to have pronounced and increased their effect resulting from a confined 

geometry (Chapter 4&5). This chapter will describe the background, introduce, and state of the 

art of LbL assembly method, providing better understanding of method for preparation of thin 

film structures studied in this thesis. 

     It is anticipated that our investigations, shown in this thesis, can contribute to fundamental 

understanding of realization of thin films with in a confined geometry and their potential 

utilization for exploring new research areas that never have been realized before. 
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1. 2  Layer-by-Layer Assembly Method 

      

     The alternate deposition of oppositely charged spices to realize a multilayered structure was 

first demonstrated in 1966 by Iler.[11] However, this concept has not attracted notable attention 

over more than 20 years mainly due to the lack of scientific knowledge as well as experimental 

tools allowing to study the characteristics of nanoscale materials. This concept was rehighlighted 

by Decher and his co-workers who reported the formation of nanoscale polymeric thin films by 

adsorption of oppositely charged polyelectrolytes at the beginning of the 1990s.[12,13] This 

method, called LbL assembly method, is a highly versatile approach to preparing thin films 

because it can be readily created on any kinds as well as any shapes of substrates with various 

functional materials including polymers, proteins,[14,15] viruses,[16,17] DNA,[18,19] nanoparticles,[20] 

quantum-dots,[21,22] graphenes,[23] carbon nanotubes,[24,25] dendrimers,[26,27] nanowires,[28] 

micelles,[29,30] and many others.  

     In the early stage of LbL-related research fields, many researchers mostly have focused on the 

multilayered structures realized from oppositely charged polyelectrolyte by means of 

electrostatic interaction.[12] However, following researches have demonstrated that, in addition to 

electrostatic interaction, a variety of driving forces including hydrogen bonding,[18,31-34] 

hydrophobic interaction,[35] covalent bonding,[36] and metal-ligand complexation[37] can be 

utilized for the formation of multilayer structures. The presence of various driving forces for 

multilayer construction indicates that not only charged species but also non-charged materials 

can be used as a building block for multilayer formation. The thickness of thin film can be 

controlled by the number of deposition cycles with nanoscale control until the desire thickness is 

attained, allowing highly precise control of the amount of incorporated functional materials in 
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thin film structures. Furthermore, the properties of thin films such as roughness, hydrophilicity, 

porosity, and internal arrangements are considerably varied as designed by the building 

conditions. The basic principle of LbL assembly is as follows. When a charged substrate is 

immersed into a solution involving oppositely charged materials, they are adsorbed onto surface 

by complimentary interactions, indicating surface charges are compensated by opposite charged 

materials. Moreover, they overcompensate the surface, allowing the charge reversal. Therefore, 

remaining charges on the surface can act as a driving force to further adsorption of next charged 

materials. This process can be repeated to generate multilayer structures. During this process, 

weakly bounded species can be eliminated by washing step. [38-42] 

     The versatility in process methods is another advantage of LbL assembly method. The most 

conventional and popular one is the dipping-method, which is based on the self-diffusion of 

building materials in a solution. A second technology for the formation of LbL assembled 

multilayer structure is the spin-coating method.[43,44] In the case of the conventional dipping 

method, charged species diffuse into the substrate due to the driving forces and the adsorbed 

materials are rearranged themselves within a thin film structure. On the contrary, all the 

processes including adsorption, chain rearrangement, and the removal of weakly bounded chains 

are occurred almost simultaneously in the case of spin-coating method, allowing different film 

growth behavior with minimal loss of materials for multilayer formation. More recently, a wide 

range of assembly methods such as spray,[45-47] microfluidic based,[48,49] and de-wetting-

method[50] have been investigated, providing basically similar film formation with some 

difference in film properties while maintaining its own unique advantages arose from the 

difference in processing method. Along with lab-scale methods, the LbL assembly using flexible 
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roll-to-toll coating was also demonstrated allowing the potential application of LbL multilayered 

structures to practical industries.[51]  

     Not only the building mechanism during the formation of multilayer structures but also post-

modulation of film properties after the formation of them have been also investigated, which is 

directed related to the intermolecular force between the assembled materials. In particular, the 

environmental conditions-responsive LbL thin films under a broad range of stimuli such as pH 

condition, ionic strength, temperature, light, and electric field were widely studied.[52-61] The 

variation in external conditions affect to intermolecular force, driving force for the multilayer 

formation, which can loosen/tighten the internal film structures. Therefore, it leads to 

swelling/deswelling of multilayer films or thin films can be degraded under specific conditions. 

Such post variation in film properties, of course, is highly useful to external stimuli-responsive 

sensors or the release of encapsulated molecules for biomedical studies. 
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Scheme 1.1. A variety of LbL assembly techniques: a) dip-assisted LbL method; b) spin-assisted 

LbL method; c) spray-assisted LbL method; d) microfluidic-based LbL method; e) roll-to-roll 

LbL method; f) de-wetting based LbL method. 
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1. 3  Layer-by-Layer Assembly on Non-Planar Substrates 

 

     One of the main advantages of the LbL assembly method, we mainly focus in this thesis, is 

that it is independent of the geometry of the substrates. Therefore, the multilayered thin film 

structures assembled by LbL method can be readily realized on a wide range of substrates 

including planar to non-planar substrates. Spherical colloids are widely investigated materials as 

a template for preparation of capsules, which can be utilized for the encapsulation of functional 

materials and their controlled release. The LbL thin films are deposited onto the outer surface of 

colloidal particles and the core colloids can be subsequently removed by thermal or chemical 

treatments. It allows the easy control on the structural properties of remaining capsules by simply 

changing the morphological characteristics of colloids utilized for LbL process. Therefore, the 

appropriate combining of morphological advantages comes from utilized templates and LbL 

assembled thin films permits precise control over multilayered nanostructures with a variety of 

shapes, sizes, film thicknesses, functions, and compositions. The utilizations of such advantages 

are studied and discussed In Chapter 4 and Chapter 5. 

     Templates for LbL assembly are not restricted to microscale spherical colloids. Along with 

this, widespectrum of materials such as buckled structures, liquid droplets, nanoparticles, 

mesoporous particles, nanorods, cells, and cylindrical porous templates can be utilized for 

template-assisted LbL assembly method.[10,14,62-67] In the most cases mentioned above, thin films 

are conformally and homogeneously coated on the entire outer surfaces of templates. However, a 

serious problem arises when polymer chains are deposited in nanoscale-confined conditions such 

as cylindrical nanoporous structures. Polymer chains cannot easily penetrate into the narrow 

cavities and also due to the entropic entry barrier,[68,69] resulting in the formation of thin films 
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only onto the entrance of the cavities. Therefore, it has been regarded as an extremely 

challenging task to deposit polymer chains homogeneously on the entire surfaces of narrow 

cavities by using template-assisted LbL process. In order to overcome such limitation, even 

though various alternatives including the mechanical removal of blocked polymers, selective 

chemical treatment, and applying pressure have been suggested, those methods could not 

essentially solve such problem. The fundamental study on this polymer adsorption within 

confined geometry was performed in Chapter 2. 
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Scheme 1.2. Various materials utilized as a template for LbL assembly method: a) nanaparticles; 

b) buckled structures; c) nanowires; d) cylindrical porous structures; e) red blood cells; f) 

colloidal particles. 
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Chapter 2. Preparation of Hexagonally Ordered Cylindrical 
Nanoporous Anodic Aluminum Oxide Templates 

 
2.1  Introduction 

 

     An anodic aluminum oxide (AAO) is a widely utilized and studied material that is mainly 

applied for corrosion/abrasion protective materials, decorative coloration of the aluminum 

surfaces, and the preparation of inorganic membrane.[1-5] In particular, the generation of porous 

oxide structures under controlled electrochemical conditions has attracted significant attention 

over the past few decades[3,6-8] because of their broad range of applications in membrane 

technology, magnetic memory device, and many other fields.[9,10] However, those porous 

alumina structures have a limitation on their efficient utilization for various applications due to 

the poorly ordered pore array, partially disconnected pore channels, and broad pore size 

distribution. Although nano-channels with narrow pore size distribution as well as extremely 

high aspect ratios are frequently required for various research fields, such structures cannot be 

easily realized by conventional top-down approaches such as photolithography, E-beam 

lithography, and nanoimprint method because those kinds of techniques are time intensive and 

high costly. Since Masuda and his coworkers reported the two-step anodization method to 

prepare self-organized highly ordered nanoporous structures with narrow pore size distribution in 

1995,[11] enormous areas of applications based on AAO structures have emerged in the fields 

including high density magnetic storage, solar cells, carbon nanotubes, catalysts, and, 

nanoreactors.[12-24] This huge attention of AAO mainly originates from their well-ordered unique 

structural properties along with their potentially low cost and relative easy preparation realized 
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by the second anodization method. Furthermore, highly ordered pore array allows the AAO 

structures to utilize for large-area periodic patterns, templates for the preparation of precisely 

controlled one-dimensional nanomaterials, and membranes with extremely low error range. 

     In this study, we synthesized highly ordered nanoporous AAO structures by second 

anodization method. The structural properties such as pore size, interpore distance, and the 

thickness of oxide layer could be finely modulated by varying experimental conditions including 

the types and concentration of electrolyte, applied potential, reaction temperature, and reaction 

time as well as additional post-etching process. Furthermore, the removal of barrier oxide layer 

was systemically studied. Those precisely controlled cylindrical porous structures are absolutely 

necessary for general purpose of this research about functional thin films within confined 

geometry. 
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Scheme 2.1. A schematic depicting hexagonally ordered nanoporous anodic aluminum oxide 

(AAO) structure. 
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2. 2  Experimental Section 

 

2.2.1  Electropolishing of Al Plates 

     Hexagonally ordered Nanoporous AAO templates were synthesized by the well-known two-

step anodization method. High purity (99.999%) aluminum plates were purchased from 

Goodfellow (Huntingdon, UK). Oxalic acid (98%), phosphoric acid (85%), and perchloric acid 

(70%) were purchased from Sigma-Aldrich Corporation (St. Louis, USA). First, aluminum foils 

were degreased in organic solvent (acetone) to eliminate organic impurities. Aluminum foils 

contacted with solutions were electropolished in a 1:3 volume mixture of HClO4 and C2H5OH at 

20 V for 4 min with gentle stirring. Subsequently, the samples were thoroughly rinsed with 

isopropanol, deionized water, and acetone. 

 

2.2.2  First Anodization Step 

     After, electropolishing process, aluminum plates were located on the copper plate serving as 

the anode. Only one part (circular area of 25 mm in diameter) of aluminum plates was exposed to 

the electrolyte solutions in a thermally insulated home-made cell. The temperature of electrolyte 

solutions temperature was kept constantly at 10 °C for sulfuric acid, 17 °C for oxalic acid, and 

0 °C for phosphoric acid, respectively, through temperature controller during anodization process. 

The concentration of electrolytes utilized for anodization process is 0.3  M, 0.3 M, and 1 wt% for 

sulfuric, oxalic, and phosphoric acid, respectively. First anodization process is performed under 

constant voltage (at 25 V for sulfuric acid, 40 V for oxalic acid, and 195 V for phosphoric acid) 

by using power supply (Agilent Technologies N5700) with anodization time between 3 and 12 h.  
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2.2.3  Second Anodization Step 

     After first anodization process, forming aluminum oxide layer was removed by chemical wet 

etching in a mixture of phosphoric acid (6 wt%) and chromic acid (1.8 wt%) with gentle stirring 

at 45 °C for couple of hours depending on time for first anodization step (approximately 1.5 

times of first anodization time). Subsequently, second anodization step was conducted under 

same conditions as first anodization step until a desired thickness of alumina layer was attained. 

After every step, samples were thoroughly rinsed by sufficient amount of deionized water, 

isopropanol and, acetone. 

 

2.2.4  Post-Pore Widening and Removal of a Barrier Bottom Layer 

     In order to remove selectively the remained aluminum layer under the generated alumina 

layer, the samples were reacted with the mixture of CuCl2 and HCl. Furthermore, the pore size of 

initially created AAO templates were further modulated by post-pore etching process in a 10 wt% 

of phosphoric acid at 45 °C of solution temperature. Moreover, in order to eliminate the barrier 

oxide layer of AAO templates for both ends-opened membrane structures, polystyrene was 

uniformly coated only on the upper part of AAO templates prior to post-etching process. After 

the selective removal of barrier oxide layer, polystyrene layers were clearly eliminated by 

washing in toluene. 
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2.3 Results and Discussions 

 

2.3.1 Formation of Aluminum Oxide 

     It has been well-known that the thin aluminum oxide films, called native oxide layer, are 

spontaneously generated on the aluminum surface when aluminum are exposed to air due to the 

high chemical affinity of aluminum to oxygen.[2] Not only aluminum but also various metals 

such as titanium, vanadium, tin, and silicon also show a similar oxide formation behavior. 

Furthermore, such formation of oxide layer on the various metal surfaces can be modulated by 

various experimental parameters such as electrolytes, temperature, solution concentration, and 

applied voltage during electrochemical reactions, called anodization process. The acidity of 

electrolyte has a significant effect on the types of oxide layer (barrier-type or porous oxide 

structures). When the neutral electrolytes such as boric acid, ammonium borate, tartrate, 

ammonium tetraborate are utilized for anodization process, flat barrier-type oxide layers are 

generated on the aluminum surface, while porous oxide structures are formed in the acidic 

electrolytes such as sulfuric acid, oxalic acid, and phosphoric acid.[25] In this case, pores are 

generated vertically to the surface due to the equilibrium of field-induced oxide dissolution at the 

oxide/electrolyte interface and oxide growth at the metal/oxide interface, as expressed in 

followed reaction.  

 

2Al3+ + 3O2- à Al2O3       /    2Al3+ + 3OH- à Al2O3 + 3H+                                             2.1 

 

The migration of O2-/OH- ions from the electrolyte to through the initially formed oxide layer, 

induced by electric field, leads to the porous oxide formation at the metal/oxide interface.[8,26,27] 
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At the same time, Al ions simultaneously move to electrolyte and/or oxide/electrolyte interface 

through the initially formed oxide layer. Therefore, the balance of oxidation rate at the 

metal/oxide interface and dissolution rate of alumina at the oxide/electrolyte interface provides 

the steady-state oxide growth while the oxide thickness during anodization in neutral electrolyte 

reaches certain limited thickness and no more grows due to the slow dissolution rate at the 

oxide/electrolyte interface. Theoretically, nonporous alumina layer has to be continuously 

created during oxidation reaction even in the weak electrolyte solution. However, 

inhomogeneous metal surfaces cause the porous type oxide formation during anodization process, 

providing partially different dissolution rate at the non-uniform surface.[28,29] Those 

inhomogeneous metal surfaces resulting from roughness, defect, and impurities generate the 

partially different oxide thickness, as illustrated in Scheme 2.2, allowing enhanced electric field 

to the relatively thinner oxide layer.[30-32] It results in high oxidation as well as dissolution rate, 

accelerating pore growth in certain regions.[33-36]  

     Figure 2.3 shows current-time profile during first and second anodization process in 0.1 wt% 

of phosphoric acid, at 195 V of applied voltage, and at 0 °C of reaction temperature. In the early 

stage of anodization, the current was rapidly and drastically reduced to minimum value due to 

the initially generated flat barrier-type oxide layer on the aluminum surface. Subsequently, as 

pores are generated, the local electric filed are concentrated at the bottom part of the pores, 

resulting in gradual increase in current density. Then, when the pore growth reaches to 

equilibrium state resulting from balance of oxidation rate and dissolution rate, the current value 

are almost constantly maintained, which is proportional to the exposed sample area upon to 

electrolyte. As anodization time further increases, the current density is slightly reduced due to 

the decrease in effective diffusion of oxide containing ions from electrolyte to the 
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oxide/electrolyte interface of long pore channels as well as decrease in ion concentration in the 

electrolyte. Furthermore, for the second anodization step, the current density rapidly reaches to 

the steady-state-current value compare with first anodization step because pre-textured structures 

produced after first anodization step effectively enhance the local electric field at their 

hemispherical center, allowing decrease in time to reach equilibrium pore growth state.         

     The atomic density of aluminum in aluminum oxide is lower than that in metallic aluminum. 

This difference in atomic density varies depending on the experimental parameters during 

anodization process because some Al3+ ions are partially dissolved in electrolyte at the 

oxide/electrolyte interface and the amount of dissolved Al3+ ions is varied by the anodization 

conditions. Since the oxidation arise simultaneously at the entire pore bottom, all the pores can 

only grow in the perpendicular direction. Therefore, such volume expansion during oxide 

formation leads to mechanical stress (repulsive force) between neighboring pores, resulting in 

self-ordering of pores with pore growth to minimize such generated mechanical stress,[37,38] as 

illustrated in Scheme 2.2e. 
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Scheme 2.2. Schematics depicting the formation of AAO sturucture: a) the formation of barrier-

type oxide layer on the aluminum surface in the early stage of reaction; b) the enhanced local 

electric field under the hemispherical structure; c) pore growth at the metal/oxide interface; d) 

steady-state growth of porous oxide layer due to equilibrium of oxidation and oxide dissolution; 

e) self-ordering mechanism of hexagonally ordered porous alumina structure due to the 

mechanical stress between neighboring pores. 
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Figure 2.1. Current profile as a function of reaction time during anodization process under 0.1 

wt% of H3PO4, at 195 V and 0 °C of reaction temperature. Second anodization was performed 

under the same experimental conditions as used for the first anodization process by using the 

sample obtained from first anodization step. 
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2.3.2 Second Anodization Process 

     Before Masuda and his co-workers reported second anodization process under certain 

experimental parameters in 1995,[11] only disordered porous alumina by the anodization of 

aluminum has been fabricated for some applications. However, it has been possible to obtain 

well-defined self-ordered porous alumina by utilizing second anodization method, which can be 

used as templates for preparation of various nano-scale structures in huge research field. During 

the second anodization process, at the initial stage of first anodization of aluminum, the pore 

initiation points are randomly distributed over the entire aluminum top surface, as shown in 

Figure 2.4a, and the hexagonally ordered pores were formed only at the bottom layer by the self-

organization process as described above. Subsequently, the oxide layer was removed by 

chemical wet etching. The remaining well-ordered periodic hemispherical patterns on the 

aluminum substrate play a role as pore nucleation points for the second anodization process. By 

utilizing such hemispherical patterns as seeds for pore growth, hexagonally well-ordered 

nanopore array is finally obtained after second time anodization step as shown in Figure 2.4. 
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Scheme 2.3. Schematics depicting preparation of AAO structure by second anodization method: 

a) electropoloshing of aluminum plates; b) first anodization under the controlled experimental 

conditions; c) removal of alumina layer by chemical wet etching; d) second anodization under 

same experimental conditions as used for the first anodization step; e) selective removal of 

aluminum metal layer; f) selective removal of barrier bottom oxide layer for both ends opened 

membrane structure; g) further control on pore size by additional pore widening process. 
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Figure 2.2. Field emission-scanning electron microscopy (FE-SEM) images of AAO structures 

obtained from a) first anodization step and b) second anodization step at 0.3 M of H2C2O4, 40 V, 

17 °C; c) cross-sectional and d) bottom view of barrier oxide layer of AAO synthesized by 

second anodization process at 1 wt% of H3PO4, 195 V, 0 °C; e) pre-textured aluminum layer 

after removal of oxide layer.  
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2.3.3 Control on Structural Parameters of AAO Templates 

     Easy control of structural characteristics such as pore diameter, interpore distance, defined as 

the center-to-center distance between neighboring pores, and membrane thickness is one of the 

attractive advantage for applying AAO templates to various research areas. Such structural 

properties are mainly tuned by the experimental parameters during anodization process such as 

the types and concentration of electrolyte, applied voltage, reaction temperature, anodization 

time as shown in Figure 2.3.[37-44] In particular, the anodic voltage has a strong influence on the 

electric field, affecting ion drift through the barrier oxide layer. Therefore, both pore size and 

interpore distance mainly depend on the anodization potential. The types and concentration of 

electrolyte mainly determine the dissolution rate of oxide layer at oxide/electrolyte interface. 

Furthermore, the reaction temperature strongly affect to such reaction kinetics, allowing 

kinetically controlled well-ordered hexagonal pores. Such a processing window has been 

developed and explored experimentally by many researchers. It has been well-known that pore 

diameter linearly increases with the applied voltage during anodization step, where the 

proportionality constant is about 2.5 nmV-1 and the pH value of electrolyte control the pore size 

of AAO templates. Along with this, membrane thickness is also proportional to cumulative 

charge during anodization process, where charge is current multiplied by anodization time. 

Therefore, since current profile can be experimentally obtained, as confirmed in Figure 2.1, the 

thickness of porous layer can be finely modulated by anodization time as shown in Figure 2.4. 

However, extremely long porous channels do not provide perfectly parallel cylindrical structures 

due to the diffusion limitation of ions into long narrow pore channels as well as decrease in ion 

concentration, as mentioned above, even though oxide layer can theoretically grow without 

limitation.  
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     Pore diameter of AAO can be tuned by not only anodization conditions, but also post wet 

etching process after anodization process, which enlarges in average pore diameter without 

influence on interpore distance and/or membrance thickness. Figure 2.5 shows that average pore 

diameter increased as a function of reaction time from 150 nm to 410 nm in the case of 

phosphoric acid based AAO templates while maintaining interpore distance constantly as a initial 

state. However, over etching time leads to the dissolution and collapse of all the alumina layers. 

In particular, only pre-textured aluminum surface was remained after 70 min of etching time in 

10 wt% of H3PO4 at 45 °C of reaction temperature as shown in Figure 2.5h. One of the 

interesting results obtained from post-pore widening process lies in the fact that etching rate 

shows two regimes of different etching rates in the early and latter stage of etching reaction as 

shown in Figure 2.6. In the range of etching time to 40 min, the etching rate is approximately 6.7 

nm / min, while it is only 1.7 nm / min for after 40 min of etching time. Such the difference in 

etching rate arises from the difference in materials building the oxide layer. In particular, outer 

pore surface region contains (electrolyte contacting region) more impurities come from the 

electrolyte which are more susceptible to chemical etching than the materials such as pure 

alumina mainly contained in the inner pore walls of AAO structure.[6,45] This explains the 

presence of alumina nanowire, as confirmed in Figure 2.5g, consisting of the most chemical 

etching resistant materials, triple cell junction points in Scheme 2.1. Further chemical etching 

reaction causes all the remaining alumina including alumina nanowires to be clearly eliminated, 

providing only pre-textured aluminum layer as shown in Figure 2.5h. Furthermore, Figure 2.6b 

indicates that, as the etching time increases, the standard deviation of average pore size decreases, 

implying narrower pore size distribution of pores in AAO structures. In order to apply the AAO 

structures to both top and bottom side opened membrane structures, the barrier bottom oxide 
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layer could be also selectively removed by employing chemical wet etching process. First, the 

barrier aluminum layer was clearly eliminated by immersing the samples into the mixture 

solution of CuCl2 and HCl. Subsequently, the polymer layer such polystyrene was coated to 

block the inner pore walls to prevent undesired pore etching. Figure 2.7 shows the FE-SEM 

images of the barrier oxide layer of AAO templates as a function of etching time in 10 wt% of 

phosphoric acid solution at 45 °C of reaction temperature. Pores obviously began to open after 

50 min of etching time, and pore size was subsequently enlarged as etching time increases, as 

shown in Figure 2.5. Finally, the oxide structures were almost etched after 80 min of etching 

time, resulting in the presence of alumina nanowires due to the reasons mention above. 
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Figure 2.3. FE-SEM Images of AAO templates prepared by second anodization method under 

various experimental conditions: a) sulfuric acid; b) oxalic acid; c) phosphoric acid as an 

electrolyte; d) experimental parameters utilized in anodization process. 
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Figure 2.4. Variation in thickness of AAO template anodized for various reaction time: anodized 

for a) 12 hr; b) 16 hr; c) 20 hr; d) 24 hr; e) the growth curve of AAO template as a function of 

charge (charge = current × time). 
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Figure 2.5. FE-SEM images of AAO templates (top view) synthesized at 1 wt% of H3PO4, 195 

V, 0 °C with different etching time in a 10 wt% of phosphoric acid at 45 °C of solution 

temperature: a) pristine AAO; etching for b) 10 min; c) 20 min; d) 30 min; e) 40 min; f) 50 min; 

g) 60 min; h) 70 min. 
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Figure 2.6. a) Variation in pore size as a function of etching time and b) variation in standard 

deviation of average pore size of AAO tempate as a function of etching time. 
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Figure 2.7. FE-SEM images of the barrier oxide layer of AAO templates (bottom view) 

synthesized at 1 wt% of H3PO4, 195 V, 0 °C with different etching time in a 10 wt% of 

phosphoric acid at 45 °C of solution temperature: a) pristine AAO; etching for b) 20 min; c) 30 

min; d) 40 min; e) 50 min; f) 60 min; g) 70 min; h) 80 min. 
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2.4  Conclusion 

 

     In summary, highly ordered cylindrical nanopores in hexagonally close-packed arrays were 

realized by electrochemical oxidization of aluminum by using polyprotic acids such as sulfuric, 

oxalic, and phosphoric acids. By combining of the control of electrochemical experimental 

parameters such as electrolyte, temperature, anodization potential which mainly determine the 

structural properties of AAO templates and additional pore widening process, the pore diameter, 

interpore distance, the thickness of oxide layer could be finely controlled  ranging from 25 to 450 

nm in pore diameter with extremely high aspect ratio. Furthermore, finely controlled removal of 

barrier oxide layer by chemical wet etching process leads such synthesized AAO templates to 

apply for a wide range of applications including catalytic membrane technologies, nanoreactors, 

and lithographic mask research fields. 
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Chapter 3. Polymer Nanotubules Obtained by the Layer-by-Layer 
Deposition within AAO-Membrane Templates with Sub-
100-nm Pore Diameters 

 
Reproduced in part of the paper from Younghyun Cho, Woo Lee, Young kuk Jhon, Jan Genzer, and 

Kookheon Char, Polymer Nanotubules Obtained by the Layer-by-Layer Deposition within AAO-

Membrane Templates with Sub-100-nm Pore Diameters, Small 2010, 6, 2683-2689. Copyright 2010 

WILEY-VCH Verlag GmbH & KGaA, Weinheim. 

 

3.1  Introduction 

 

     The preparation and features of nanotubes consisting of various materials have attracted 

significant attention over the past few years because of their potential applications in 

microelectronics, biosensors, drug delivery systems and many other fields. The layer-by-layer 

(LbL) deposition technique on the templates has been one of the most popular methods to form 

nanotubes. Any size and shape of the templates can be utilized and the desired amount of various 

materials including polyelectrolytes,[1-2] biomolecules,[3-4] nanoparticles,[5-6] MWNTs[7] and 

quantum dots[8] can be readily incorpotated within the thin film geometry with nanoscale control 

through complementary interactions. Because the size and structural properties of materials thus 

prepared can be decided by the shape of the templates used,[9-11] the morphological features of 

material can easily be tuned. More specifically, materials that possess extremely high aspect ratio 

can be achieved in large quantities based on templates used. Therefore, many researchers have 

reported on nanotube fabrication processes based on the template-assisted LbL method.[12-20] In 
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spite of these benefits, one of the hurdles of the method is associated with pore blockage 

generated from polymer multilayer residing at the top surface of the template, more seriously, on 

relatively small pores. When porous substrates with diameter ≤ 400 nm are immersed in a 

polymer solution, polymer chains cannot diffuse readily into the pores and also cannot adsorb 

onto the inner template walls due to the entropic entry barrier. The immediate consequence is 

that the pore mouth is covered and blocked by adsorbing polymers impeding further migration 

and adsorption of polymer chains within the pores during the LbL process. Thus, the preparation 

of polymer nanotubes with small feature size has not been possible using template-assisted LbL 

method employing nanostructured pores. In order to solve this problem, researchers have 

suggested various alternatives such as the pressure filter template technique which can overcome 

the pore blocking problem by applying external pressure,[16, 18-20] the mechanical removal of top 

polymer layers[12] on every deposition step and the selective chemical treatment[21] on the top 

surface. However, these techniques are time intensive, laborous, and quite costly. Furthermore, 

the inner surface of pores with diameter ≤ 200 nm cannot be uniformly coated even if the 

techniques mentioned above are applied to the LbL templating method.  

     Herein, we present that the successful preparation of well-defined polymeric nanotubles with 

diameter ≤ 100 nm through the template-assisted LbL method by controlling the ratio of polymer 

dimension to pore size, influencing the polymer diffusion in a narrow pore without additional 

tedious steps mentioned above. In order to control the ratio of polymer dimension to pore size, 

we varied the molecular weight of adsorbing polymers, the chain conformation and the 

aggregation condition by adjusting the valency of salts for strong polyelectrolytes as well as 

solution pH for weak polyelectrolytes. One advantage of our approach is such that the exposed 

polymer multilayered surface of anodic aluminum oxide (AAO) substrates with pore diameter of 
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70 nm is about  ×20 larger than that having a pore diameter of 200 nm. This high surface-to-

volume ratio could improve significantly the efficiency of various filtration membrane 

applications.[12, 22] The subsequent removal of AAO substrates leads to the preparation of 

nanotubular structures consisting of various materials (i.e., polymers, nanoparticles, and quantum 

dots) with extremely small size that have never been realized before. 
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3. 2  Experimental Section 

 

3.2.1  Preparation of Anodic Aluminum Oxide Membrane 

     Nanoporous AAO templates were synthesized by the two-step anodization method.[39] First, 

high purity aluminum plates (99.999%) were degreased in acetone then electropolished in 1:3 

volume mixtures of perchloric acid and ethanol by a constant voltage of 20 V for 5 min.  The 

first anodization was performed under constant voltage of 40 V for 5 ~ 10 h in oxalic acid 

solution (0.3 M) at 15 ℃. Afterwards, the porous oxide layer was chemically removed by an 

aqueous mixture of chromic acid (1.8 wt%) and phosphoric acid (6 wt%) for 10 ~ 15 h at 45 ℃. 

Subsequently, pretextured aluminum plates were anodized under same experimental conditions 

as used for the first anodization step for 24 h. 

 

3.2.2 Preparation of Multilayered Polymeric Nanotubules 

     PSS (Mw = 70,000), PAA (Mw = 1,800) and PAH (Mw = 15,000) were purchased from Sigma-

Aldrich and used as received. Anionic and cationic polyelectrolytes were alternatively deposited 

onto APTES treated AAO template by using an automated slide stainer. Polyelectrolyte 

multilayers were assembled by dipping into polyanion solution and polycation solution (1mg 

mL-1, for 30 min each). After the deposition of each polyelectrolyte layer, the sample was 

thoroughly rinsed in two baths of Milli-Q water for 5,5 min each. The assembled polymeric 

nanotubules were released from the AAO template by dissolving aluminum oxide in phosphoric 

acid aqueous solution at 45 ℃ for 1 h. 
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3.2.3 Characterization 

     TEM experiment was carried out with JEOL, JEM1010 operating at 100 kV. TEM samples 

were prepared by placing few drops of sample suspension onto copper grids. The surface 

morphology and EDX measurement were investigated by JEOL, JSM-6701F. The thicknesses of 

multilayer films on flat silicon substrates were measured by ellipsometry (Gaertner Scientific 

Corp.).  For DLS measurements, a 532 nm-solid state laser (Crystalaser, Reno, NV) was used as 

the light source. Scattered light intensities were measured at 90° from the light source. All the 

polyelectrolyte solutions were filtered through a 0.2 µm Millex polytetrafluoroethylene syringe 

filter. 
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3.3 Results and Discussions 

 

3.3.1 Preparation of Polymeric Nanotubules Based on the Template-Assisted 

LbL Method 

     Polymeric nanotubes were prepared by the LbL assembly within pore of ~ 70 nm in diameter 

of AAO templates, as illustrated in Scheme 3.1. The AAO surfaces were first coated with 3-

aminopropyl triethoxysilane (APTES). The positively charged APTES substrate would allow 

negatively charged polyelectrolytes to adsorb directly on the substrate. Subsequently, negatively 

charged polyelectrolytes, i.e., poly(sulfonated styrene) (PSS) and poly(acrylic acid) (PAA) and 

positively charged polyelectrolytes, i.e., poly(allylamine hydrochloride) (PAH) were 

alternatively assembled in aqueous solution by the dipping method until a desired number of 

bilayers was achieved. Subsequently, the nanotubes were separated by etching the AAO 

templates in either acidic or basic condition. 
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Scheme 3.1. A schematic depicting the preparation of LbL-assembled polymeric nanotubular 

structures formed within AAO templates: a) pretreatment of AAO templates with 3-aminopropyl 

triethoxysilane (3-APTES); b) LbL deposition of polyanionic and polycationic electrolytes 

within the AAO template; c) dissolution of the AAO template by either acid or base solution.  
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3.3.2 Molecular Behaviors of Polyelectrolyte Chains with Multivalent Salts 

     In order to coat multilayer films uniformly on the entire nano-cylindrical vertical sidewalls in 

the AAO without pore blockage, we add CaCl2, a typical multivalent salt. The presence of a salt 

causes the polyelectrolyte chains to shrink due to the screening of electrostatic interaction 

between monomer units. When a monovalent salt is added in the polyelectrolyte solution, the 

charge of polyelectrolyte chains is compensated, because counter ions condense on the chains 

thus diminishing the net polyelectrolyte charge. By adding multivalent salts, the charge of 

monomers associated with high valency ions is reversed to the opposite charge. This behavior 

leads to the electrostatic attraction between non-bonded monomers which have their own charge 

and reversely charged monomers resulting from the association with the counter ions. This effect, 

called the ion-bridging, allows for much stronger polymer chain contraction relative to simply 

adding the equivalent amount of monovalent salt ions. If the amount of added multivalent salts is 

much higher above a certain condition, the charge on the polyelectrolyte chains is fully 

neutralized and subsequently a total net charge inversion in an isolated polymer chain would 

occur and/or reversely charged monomer units due to collaboration with the multivalent salts 

would interact with non-bonded monomers with their own charge in adjacent polymer chains. 

This leads to the aggregation and precipitation of polyelectrolyte chains in aqueous 

polyelectrolyte solutions. This phenomenon has been explored theoretically,[23] in 

experiments,[24-25] and by computer simulations.[26-27] Dynamic light scattering (DLS) 

measurements give insight on why an optimum concentration of multivalent salt is likely the 

crucial factor for the formation of uniform adsorption of polyelectrolytes within narrow pores, as 

shown in Figure 3.1. The DLS results illustrate that the polymer dimension of PSS is minimized 

by adding 5 mM of divalent salts that causes the ion-bridging effect. In the same manner, the 
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dimension of PAH in aqueous solution has the lowest value at the concentration of 5 mM of 

CaCl2. In order to obtain reliable DLS data, the concentration of polyelectrolyte solutions had to 

be increased up to 0.4 wt% for PSS and 1 wt% for PAH, at the same time and thus salt 

concentrations were also adjusted to 4 times and 10 times higher (20 mM salt for PSS and 50 

mM salt for PAH) than the concentrations that we used in the present LbL study (i.e., 5 mM for 

both PSS and PAH) to create the same solution conditions. In polydisperse solutions, the decay 

of the autocorrelation function is not a single exponential, therefore, a autocorrelation function 

was fit to a cumulant form of fitting equation. The relaxation time distribution was obtained by 

analyzing autocorrelation function by CONTIN analysis. These DLS results illustrate that 

polymer dimensions of PSS and PAH decreased with adding salts into the polyelectrolyte 

solutions. A spliting of peaks in inset images (PSS w/o Salt and PAH w/o Salt) of Figure 3.1a 

and 2b, respectively, indicate the presence of polymer clustering in polyelectrolyte solutions. 

This polyelectrolyte clustering between likely charged polymers and the effect of various 

parameters (ionic strength, degree of ionization and polymer concentration) on polymer 

clustering have been reported in a variety of biological and synthetic polymers such as DNA, 

poly(L-lysine), poly methacrylic acid (PMAA), polyethyleneimine (PEI), PAA, and PSS. The 

origin and mechanism of a polymer clustering are still not clearly well understood, even though 

several theoritical researches have been performed to explain possible mechanism of formation 

of polyelectrolyte clustering. The peak corresponding to the clustering (peak on the right) 

decreased in the presence of salts, which was in good agreement with the previous literature data. 

However, although the presence of monovalent salt causes the reduction in polyelectrolyte chain 

dimension, the pore size distibution of PSS with NaCl was much broader compare with that of 

PSS with CaCl2 in the acqueous condition due to the absence of ion-bridging effect arised from 
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intramolecular electrostatic attraction (Figure 2a). The behavior of PAH in aqueous solution with 

NaCl and CaCl2 also showed similar trend as well as that of PSS in aqueous solution with salts, 

even though the ion bridging effect does not occur in PAH solution with multivalent salts. We 

believe that the number of Cl ions in CaCl2 which could be balanced by positive charge of 

polyelectrolyte chains is much more than that of the NaCl, even considering low value of 

dissociation constant of CaCl2 compare to those of NaCl.  
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Figure 3.1. Autocorrelation functions of (a) PSS (Mw=70k) and (b) PAH (Mw=15k) in aqueous 

solution; (a) Squares, triangles and circles correspond to PSS solution without Salt, PSS solution 

in 20 mM NaCl and PSS solution in 20 mM CaCl2, respectively. The inset figures show the 

distribution of relaxation time of each solution. (b) Squares, triangles, and circles correspond to 

PAH solution without salt, PAH solution in 50 mM NaCl and PAH solution in 50 mM CaCl2, 

respectively. The inset figures show the distribution of relaxation time of each solution.  
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3.3.3 Preparation of Polymeric Nanotubules Using a Strong Polyelectrolyte 

Pair 

     Figure 3.2 shows the field-emission scanning electron microscopy (FE-SEM) images (top 

view) showing AAO pores filled with 15 bilayers of PSS and PAH multilayers as a function of 

CaCl2 concentration. Decrease in pore size is shown in Figures 3.3a & 3.3b and all the pores are 

blocked in Figures 3.3c & 3.3d. This indicates that the polyelectrolyte chains could be diffused 

and adsorbed onto the inner surfaces without pore clogging caused by the entropic barrier under 

certain CaCl2 concentration (Figures 3.3a & 3.3b). If the amount of CaCl2 exceeds the critical 

concentration (> 5 mM), the polyelectolyte chains could form clusters that cover the top surface 

of nanopores (Figures 3.3c & 3.3d). For the preparation of tubular structures, the adsorption 

behavior of polyelectrolyte chains also needs to be considered as well as the dimension issue. It 

has been well-documented that the polyelectrolyte multilayer thickness is approximately 

proportional to the salt concentration.[28-30] Even though the polymer dimension is small enough 

for the migration into and adsorption onto the nanopores, if the thickness of multilayer films 

assembled in the interior of pores is overly thin due to the a small amount of salt added and, 

concurrently, the adsorption density of polyelectrolyte chains is low resulting in the low surface 

coverage due to strong interchain repulsions among polyelectrolyte chains, nanotubular 

structures can hardly be formed by the LbL process (Figure 3.2a). We have observed that 

polymeric nanotubular structures can only be obtained with an optimum concentration of CaCl2. 

However, with a monovalent salt such as NaCl, nanopore was clogged by the polymer deposition 

at the top surface of nanoporous substrates regardless of the amount of NaCl added. In the 

present study, since the polymer nanotubules formed were thoroughly rinsed twice in pure water 

during the LbL deposition, we believe that excess amounts of both polyelectrolytes and salt ions, 
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which are not directly associated with the polyelectrolyte chains in the multilayer structure, are 

completely removed. However, we still think that the salt ions directly associated with the 

polyelectrolyte chains would remain in the polymeric nanotubules even after the thorough 

rinsing of the films.  
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Figure 3.2. FE-SEM images of (PSS/PAH)15 multilayers coated on the side walls of AAO 

templates as a function of CaCl2 concentration: (a) 1 mM CaCl2; (b) 5 mM CaCl2; (c) 50 mM 

CaCl2; (d) 100 mM CaCl2. The inset of (a) shows the pristine AAO membrane (with a diameter 

of ~ 70 nm) without polyelectrolyte deposition.   
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Figure 3.3a and 3.3b show low and high magnification FE-SEM images, respectively, of 

multilayered polymer nanotubes consisting of fifteen PSS / PAH layers after the removal of a 

AAO template by wet chemical etching. The polymer layer deposited at the top surface of the 

template was eliminated by oxygen plasma etching prior to the dissolution of AAO templates to 

yield individual nanotube. The outer diameter of nanotubes obtained was found to be ~ 70 nm 

and the length was about ~ 70 µm ; the nanotubes thus prepared were similar in size to the pore 

diameter as well as to the pore length of AAO substrate. Figures 3.4c and 3.4d show the 

transmission electron microscopic (TEM) images of bundles of nanotubes as well as a single 

nanotube, respectively, proving that the nanotubes have an inner void diameter of about 48 nm 

with a uniform wall thickness of 11 nm as prepared from 15 bilayers of (PSS / PAH). The wall 

thickness of the nanotubes could be finely controlled by the number of bilayers through the LbL 

deposition process. Moreover, the composition of the nanotubes is further confirmed by an 

Energy Dispersive X-ray (EDX) spectrum shown in Figure 3.4. The presence of sulfur in the 

spectrum demonstrates that PSS polyelectrolyte chains are successfully incorporated into the 

polymer nanotubes.  
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Figure 3.3. FE-SEM, TEM images of polymeric nanotubules (PNT) formed by the (PSS/PAH)15 

multilayers in aqueous solution containing 5 mM CaCl2 as a salt: (a) low-magnification and (b) 

high-magnification SEM images of PNTs; (c) low-magnification and (d) high-magnification of 

TEM images of PNTs. 
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Figure 3.4. Energy Dispersive X-ray (EDX) spectrum of polymeric nanotubules (PNT) formed 

by the (PSS/PAH)15 multilayers in aqueous solution containing 5 mM CaCl2 as a salt. 
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3.3.4 Preparation of Polymeric Nanotubules Using a Weak Polyelectrolyte 

Pair 

     Another approach aimed at the preparation of polymeric nanotubes with small feature size 

involves the adjustment of pH in weak polyelectrolyte solutions. Weak polyelectrolytes with  

relatively low molecular weights (PAA : 1.8k and PAH : 15k) were employed for the LbL 

process, because pore cloggings were always observed with polyelectrolytes with relatively high 

molecular weights (PAA : 100k and PAH : 70k) regardless of pH adjustment. It is well known 

that the pH of weak polyelectrolyte solutions crucially influence the charge density of 

polyelectrolyte chains.[31-33] This, in turn, has a strong effect on the variation of polymer chain 

conformation as well as the aggregation state of polymer chains due to variation of the degree of 

ionization.[34-35] By simply adjusting the solution pH, it is possible to tailor the multilayer film 

thickness[2] by varying the polymer chain dimension. Moreover, solution pH plays an important 

role in polymer diffusion in narrow pores and the adsorption during the LbL process. Figure 3.5 

represents FE-SEM images (top view) of pores with 15 bilayers of PAA and PAH prepared at 

various pH combinations (қ = x/y, where x is the pH of PAA solution and y is the pH of PAH 

solution). The decrease in pore diameter due to adsorbed polymer multilayers was observed with 

қ = 4/3 and 4/2 combinations. No pore blocking was observed up to 15 bilayers (Figures 3.5c 

and 3.5d). In contrast, all the pores were completely clogged by the polymer layers adsorbed near 

the pore mouths with қ = 6/6 and 5/4 combinations (Figure 3.5a and 3.5b). While pristine pores 

were observed under the cracked polymer layer at қ = 6/6 (inset in Figure 3.5a), At қ = 5/4 

combination, a relatively thin polymer layer covers the pores of the AAO substrate (Figure 3.5b). 

As will be further demonstrated below, this clogging results from the large polymer dimension of 

each polyelectrolyte chain (either PAA or PAH) relative to the size of pores as well as the thick 
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bilayer thickness observed at these pH conditions. Therefore, at қ = 6/6 combination, polymer 

multilayer forms at the top of AAO substrates instead of the inner side walls of pores. 

Interestingly, in the case of қ = 4/2, the amount of adsorbed polymers on the AAO surface was 

low compared with қ = 4/3 combination. As mentioned above, in order to obtain desired 

polymeric nanotubes, the adsorption behavior of polyelectrolyte chains within the pores also has 

to be considered as well as the dimension issue. The lack of adsorbed polymers during the LbL 

deposition with қ = 4/2 combination resulted in the incomplete polymer nanotubes; broken 

nanotubes with many defects were observed after removing the AAO substrate. These results 

thus indicate that among the cases studied in the present work, қ = 4/3 combination provided the 

optimal condition for obtaining polymer nanotubes, although the polymer dimension at қ = 4/2 

combination was also relevant to let the polyelectrolyte chains diffuse into narrow pores. 
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Figure 3.5. FE-SEM images of (PAA/PAH)15 multilayers coated on the side walls of AAO 

templates as a function of pH deposition condition (қ = x/y, where x is the pH of PAA, and y is 

the pH of PAH solutions): (a) қ = 6/6; (b) қ = 5/4; (c) қ = 4/3; (d) қ = 4/2. The inset of (a) shows 

the pristine AAO membrane (with a diameter of ~ 70 nm) before polyelectrolyte deposition. 
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     A variation of multilayer film thickness of weak polyelectrolytes, on flat silicon substrates 

grows with increasing the number of bilayers under the same experimental conditions as used for 

realizing polymer multilayers within the pores (Figure 3.6). Rubner group demonstrated that 

dramatic changes in the thickness of sequentially adsorbed polyelectrolyte layers can be achieved 

with a small change in the pH of solutions.[2] Ellipsometric data clearly show that the thickness 

of multilayer films at қ = 6/6 and 5/4 combinations was much larger than that at қ = 4/3. This 

variation of bilayer thickness on flat surface give insight on why pore blocking was observed at 

either қ = 6/6 or 5/4 combinations and the polymeric nanotubles prepared from porous structures 

at қ = 4/2 combination do not have enough mechanical strength. Consequently, it is concluded 

that the nanopores can be uniformly coated only under the optimal polymer solution condition, 

provides conditions for the relevant polymer diffusion inside the pores and subsequent builtup of 

multilayers due to adsorption. In the case of polymer multilayers formed within the pores, we 

assume that the composition of polymeric nanotubules would not be grossly different from the 

composition of multilayers prepared on flat substrates because the multilayer growth behavior on 

flat substrates, as shown in Figure 3.6, qualitatively shows the similar trend for the pore blocking 

behavior at different pH combinations. 
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Figure 3.6. The growth curve of (PAA/PAH)n multilayer films on flat substrates deposited in 

various pH combinations (қ = x/y, where x is the pH of PAA, and y is the pH of PAH solutions): 

(a) қ = 6/6; (b) қ = 5/4; (c) қ = 4/3; (d) қ = 4/2. 
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     Dynamic light scattering was also employed to gain information about the polymer 

conformation under various pH solution conditions. The chain dimension of PAH was low under 

relatively low pH conditions (pH = 2 and pH = 3) compared with the cases for pH = 4 and pH = 

6, as illustrated in Figure 3.7. Moreover, the chain dimension of PAA was reduced under 

relatively low pH condition (pH = 4). These DLS data strongly support the notion that the 

uniform deposition of multilayers inside the pore is only possible within a limited pH range. In 

relatively high pH conditions (pH 4 and pH 6) compare to pH 2 and pH 3, the peak on the right 

side on the time scale corresponding to polymer clustering appeared, which represents that the 

charge density of polyelectrolyte decreased, at the same time, polymer chains started to form 

clusters, because repulsive force to prevent them from coming together decreased as they became 

deionized. On the other hands, in relatively low pH conditions (pH 2 and pH 3), the 

polyelectrolyte chains existed in the ionized form. Consequently, they repelled each other and 

polymer clustering did not occur. The peak corresponding to polymer clustering of PAA chains 

was also observed in the spectrum in the case of relatively high pH conditions (pH 5 and pH 6) 

that was not shown in pH 4 condition (Figure 3.7b). PAA is also the well-known polymer for the 

formation of polymer clustering with the increase of the degree of ionization as PSS chains form 

clusters with the decrease of ionic strength. This large size of polymer domains prepared in the 

pH 5 and pH 6 deposition conditions induced a multilayer deposition on the top surface of a 

porous substrate, which interrupted the uniform coating of polymers onto the inner side wall of 

pores. 

 
  



	   63	  

 

 

Figure 3.7. Autocorrelation functions of (a) PAH (Mw : 15k) and (b) PAA (Mw : 2k) in aqueous 

solution; (a) Triangles, circles, squares, and diamonds correspond to PAH solutions of pH=2,3,4, 

and 6, respectively. The inset figures show the distribution of the relaxation times of each 

solution. (b) Circles, squares and triangles correspond to PAA solutions of pH=4,5 and 6, 

respectively. The inset figures show the distribution of the relaxation time of each solution. 
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     FE-SEM and TEM images of polymer nanotubes consisting of weak polyelectrolytes 

(PAA/PAH)15 asembled at қ = 4/3 combination after the removal of the AAO template are shown 

in Figure 3.8. Since the assembled multilayer structures were damaged and sometimes 

decomposed in the harsh acidic or basic condition during the liberation of polymeric nanotubular 

structures from the template, we crosslinked the PAA/PAH multilayered structures by heat 

treatment at 180 ℃ for 24 hours to form amide bonds between polyelectrolyte chains prior to the 

dissolution of the AAO template. Under those treatment conditions, the crosslinked polymeric 

structures appear to be quite stable in a wide range of pH conditions.[36] The EDX 

characterization of the samples shows a strong oxide peak originating from PAA, a weak 

nitrogen peak from PAH and a characteristic carbon peak from both  PAA and PAH, as shown in 

Figure 3.9. The wall thickness obtained from the TEM images was ~ 10 nm and the diameter of 

nanotube was approximately ~ 70 nm, corresponding to the pore size of AAO templates used in 

this experiment. Interestingly, the wall thickness was much thinner than that of the 

corresponding multilayer film prepared on flat substrates under the same experimental conditions. 

Our results contrast with the previous results reporting that the thickness of multilayer films in 

confined geometries is larger than that on flat substrates. In these previous studies, researchers 

attribute this difference on bilayer thickness within the pores comes from incomplete drainage of 

the solutions during the LbL process,[14] stronger polymer adsorption due to the curvature of a 

pore [16] or entanglement of polyelectrolyte chains in the confined geometry.[19] We believe our 

contrary result arose from to the small pore size (70 nm in diameter) used in our experiments. 

When a porous structure is immersed into a polymer solution, solvent molecules penetrate the 

pore channels. At the same time, some polymer chains diffuse into the pore channels. Eventually, 

the solution in the interior of the porous channel gets into a concentration equilibrium state with 
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the exterior solution. The ratio of the interior polymer concentration cI to the exterior 

concentration cE is called the partition coefficient. (equation 3.1) 

 

   K = cI / cE                                                                3.1                                                                                                   

 

When a solution containing ideal chain is in contact with the porous channel, this partition 

coefficient K is expressed as equation 3.2. 

 

   lnk ~ -N(a/dp)2                                                                  3.2 

 

where N, a, and dp represent the number of monomers, monomer size, and pore diameter, 

respectively.[37-38] Therefore, the number of polymers migrating into the pore exponentially 

increase with the pore diameter. When the pore diameter is large enough or if additional 

techniques such as a pressure filter template method are applied to force the polymers inside 

pores, the number of polymer chains that can be diffused into the larger pores is not much 

different from that on the flat surface, resulting in thicker multilayer film due to the reasons 

mentioned above. However, in extremely narrow pore, as investigated in present case, the 

number of polymer chains penetrating into the pores is significantly reduced due to the entropic 

barrier, yielding a thinner multilayer thickness compared with the situation involving polymer 

diffusion and adsorption in larger pores or on flat substrates.  
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Figure 3.8. FE-SEM, TEM images of polymeric nanotubules PNTs of crosslinked (PAA/PAH)15 

multilayers prepared by the sequential deposition of PAA and PAH (қ = 4/3): (a) low-

magnification and (b) high-magnification SEM images of PNTs; (c) low-magnification and (d) 

high-magnification of TEM images of PNTs. 
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Figure 3.9. Energy Dispersive X-ray (EDX) spectrum of polymeric nanotubules PNTs of 

crosslinked (PAA/PAH)15 multilayers prepared by the sequential deposition of PAA and PAH (қ 

= 4/3). 
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3.4 Conclusion 

 

     In summary, we have demonstrated that the preparation of polymeric nanotubules with very 

small feature sizes based on template-assisted LbL method by adjusting the ratio of polymer 

dimension to pore size. Using this approach, it is possible to prevent polymer deposition onto the 

pore mouths which obstruct the formation of multilayered nanotubes within narrow pores by 

simply manipulating the deposition condition of polyelectrolyte solutions. Moreover, it is 

anticipated that our investigations can be extended to the incorporation of various functional 

materials such as quantum dots, nanoparticles, and bio molecules into these well-defined small 

polymeric nanostructures for the specific applications ranging from biosensors and catalytic 

membranes to electronics, allow greatly enhance the performance of them. 
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Chapter 4.  Stimuli-Responsive Nanopore Structures Obtained by 
                   the Layer-by-Layer Deposition within AAO Templates 
 
Reproduced in part of the paper from Younghyun Cho, Jaehoon Lim, and Kookheon Char, Stimuli-

Responsive Nanopore Structures Obtained by the Layer-by-Layer Deposition within AAO Templates 

(Paper Submitted). 

 

4.1  Introduction 

 

     Stimuli-responsive materials that could switch their physical and chemical properties in 

response to external environmental conditions such as pH, temperature, irradiation with light, 

and applied electric and magnetic fields have recently received enormous attention due to their 

potential applications in biosensors, drug delivery systems, actuators, and many others.[1-4] 

Nature is an excellent example emphasizing the importance and effective usage of such 

environmentally responsive materials. Living systems in human body have versatile 

biointerfaces or membranes such as skin that could be modulated in its internal structure and 

chemical composition by the change in surrounding condition, providing a selective permeation 

of molecules or ions through such responsive membranes. In order to realize or mimic such 

smart material systems, many researchers have studied responsive membranes based on synthetic 

materials including gel films, polymer brushes, and bulk hydrogel systems.[1-4] The layer-by-

layer (LbL) assembled multilayer films have also been regarded as strong candidates for stimuli-

responsive systems because LbL multilayers could be quite sensitive to external stimuli such as 

pH, temperature and ionic strength depending on the choice of polyelectrolytes that can be easily 
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incorporated within the multilayer thin films based on diverse complementary interactions.[5-8] 

Furthermore, the LbL assembly can be performed on any shape and size of substrates, leading to 

morphological features of the assembled multilayer films easily adjusted by templates used. In 

spite of these advantages of the LbL assembly method, most studies have been focused on the 

formation of multilayer films on supporting porous templates or the multilayer deposition within 

micro-sized pores,[9-11] because polyelectrolyte chains usually cannot enter or penetrate into 

narrow pores, thus preventing uniform adsorption of polyelectrolyte chains on the sidewalls of 

narrow pores due to the well-known entropic entrance barrier problem.[12-14] However, in order to 

realize stimuli-responsive porous membrane systems to study the molecular translocation 

through the membranes, nano-sized cylindrical porous membranes with pore diameter tunable by 

external stimuli are absolutely necessary.   

      In this study, we successfully deposited pH-sensitive multilayer films on the sidewalls of 

small pore walls with diameter ≤ 100 nm by adding multivalent salts and controlling the 

molecular weight of polyelectrolytes at the same time.[15] The pore size of porous membranes 

was additionally reduced by the post-treatment (i.e., pH in the present study) to allow the 

controlled gating of target molecules in nanoporous membranes. In order to check the change in 

pore diameter, due to the swelling of multilayers within pores, the translocation behavior across 

the nanoporous membrane was examined for various molecules including spherical (small dye 

molecules and quantum dots (QDs)) as well as linear chained molecules. The results showed that 

the pore diameter of nanoporous membranes could be finely tuned from a fully opened state to a 

closed state by simply changing the pH treatment, allowing the molecular separation based on 

the size-selective translocation and the translocation of chained molecules with different 

molecular weights through the pores. One advantage of our approach is that various molecular 
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cutoffs are possible with simple changes in treatment conditions in one membrane system, 

providing various size-selective filtration membranes or chromatography. As a result, this 

approach can be potentially applied to various stimuli-driven gating devices, mimicking living 

membranes that could show different signals in response to different external stimuli.  
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4. 2  Experimental Section 

 

4.2.1  Preparation of AAO Membrane 

     Nanoporous AAO membranes were prepared by the two-step anodization method.[16] High 

purity (99.999 %) aluminum plates were purchased from Goodfellow (Huntingdon, UK) and 

oxalic acid (98 %), perchloric acid (70 %), and phosphoric acid (85 %), which were used as an 

electrolyte for anodization (oxalic acid), electrolyte for electropolishing (perchloric acid), and 

etching solutions, were purchased from Sigma-Aldrich Corporation (St. Louis, USA). Aluminum 

plates were degreased in acetone to eliminate organic impurities. Aluminum plates were then 

subsequently electropolished in a mixed solvent of perchloric acid and ethanol (1:3) at a constant 

applied voltage of 20 V for 4 min in 4 °C of reaction temperature. The first anodization process 

was carried out at a constant applied voltage of 40 V for 5 h in oxalic acid solution (0.3 M) at 

15 °C of reaction temperature with a power supply (Agilent Technologies N5700). Then, the 

aluminum oxide layer generated containing irregular pore structure was chemically eliminated 

by an aqueous mixture of acid solution (1.8 wt% of chromic acid and 6 wt% of phosphoric acid) 

for 10 h at 45 °C. Subsequently, pretextured aluminum plates were anodized under the same 

experimental conditions as used for the first anodization step for 24 h. The remaining aluminum 

layer at the bottom of regular alumina pore layer was then removed in an aqueous mixture of 

copper chloride (3 wt%) and hydrochloric acid (50 wt%) at room temperature. Furthermore, in 

order to further eliminate the barrier alumina layer at the bottom of an AAO template to obtain 

an open pore membrane, polystyrene was uniformly coated, which serves as an etch resistance 

layer, at the upper part of the AAO template. Subsequently, the barrier alumina layer was 

selectively removed from the AAO template through wet chemical etching with a phosphoric 



	   76	  

acid solution (10 wt%) for 60 min at 30 °C. Polystyrene passivation layers were then clearly 

removed by washing in toluene. 

 

4.2.2  Preparation of Multilayer Coated Nanoporous Membrane  

     PSS (Mw: 70,000) and PAH (Mw: 15,000) were purchased from Sigma-Aldrich and used 

without further purification. Polyelectrolyte multilayers were assembled on the APTES-treated 

AAO templates by alternatively dipping into aqueous bulk polyanionic (PSS) and cationic (PAH) 

solutions (1 mg mL−1 for 30 min each at room temperature) by using an automated slide stainer 

(Microm HMS 70). After the deposition of each polyelectrolyte layer, the AAO template was 

thoroughly rinsed in two baths of deionized water for 5 min each. The surface morphologies with 

EDX analyses were examined by JEOL JSM-6710F scanning electron microscopy. The film 

thicknesses of multilayer films on flat silicon substrates in dry state were measured by an 

ellipsometer (Gaertner Scientific Corporation L2W16C830). The variation in the film thickness 

of multilayer films coated on flat silicon substrates in response to the change in external pH 

treatments was measured by liquid-based atomic force microscopy (Veeco Dimension 3100). 

 

4.2.3 Preparation and surface functionalization of CdSe QDs 

   Synthesis of CdSe QDs with 7 nm of diameter was performed by following synthetic method 

reported by Peng et al.[17] First, 0.1 mM of CdO (0.0128 g) and 0.4 mM of stearic acid (0.1140 g) 

were reacted at 150 °C under N2 flow. After the mixture becomes optically clear, 1.94 g of n-

trioctylphosphine oxide and 1.94 g of hexadecylamine were added to the mixture at room 

temperature. Subsequently, the mixture was re-heated under N2 flow. Once the temperature was 

reached at 320 °C, 1 mM of selenium (0.079 g) dissolved in 1.18 mM of tributylphosphine 
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(0.238 g) and 1.681 g of dioctylamine was rapidly injected into the flask and the temperature was 

quickly set to 290 °C. After 5 min, the reaction was rapidly terminated by cooling the flask to 

50 °C. The mixture solution was purified by centrifugation in 5 mL of toluene and the excess 

amount of acetone. The precipitated QDs were re-dispersed in chloroform and filtrated with 

PTFE syringe filter with 0.2 µm of pore size. For the preparation of water-soluble QDs with 

different charges, 3-mercaptopropionic acid, sodium 3-mercapto-1-propanesulfonate (negative 

charge), cysteamine hydrochloride (positive charge) were introduced as surface ligands. 0.5 g of 

surface ligand dissolved in 5 mL of water and 5 mL of QD solution (10 mg/mL, in chloroform) 

were placed in an air-tightened vial and sonicated for 30 min. The mixture was shaken to 

increase oil-water interface, which facilitates a phase transfer of QDs from oil-phase to water 

phase. After the sonication, the turbid mixture was precipitated with excess acetone and 

centrifuged at 10,000 rpm for 5 min. Then, the supernatant was decanted and the precipitate was 

re-dispersed in water. This precipitation – redispersion process was repeated three times to 

remove water-insoluble alkylchains. Then, QDs dissolved in water were filtrated with Nylon 

syringe filter with 0.2 µm of pore size. 

 

4.2.4  Molecular Translocation through a Membrane 

     An AAO membrane containing a polyelectrolyte multilayer in the sidewall was placed in the 

middle of a channel of a home-made crossflow cell, as shown in Figure 4.1b. Afterwards, the one 

side of the channel was filled with pure deionized water while the other side of the channel was 

filled with aqueous stock solution of UV detectable molecules. Subsequently, the compartment 

containing UV detectable molecules was pressurized to 50 kPa with nitrogen gas for 10 min at 

room temperature. The molecular concentrations of Rhodamine B, QDs, and Coumarin-labeled 
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PEO were 10 µM, 30 pM, and 100 µM, respectively. The translocated molecular concentration 

was then analyzed by UV-Vis spectroscopy (Perkin Elmer Instruments Lambda 35). 
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4.3 Results and Discussions 

 

4.3.1 Preparation of Stimuli-Responsive Swellable Nanoporous Membranes by 

the Layer-by-Layer Assembly Method within the Nanoporous Templates 

     pH-responsive swellable nanopore structures were created by the LbL assembly within 75 nm 

diameter pores of anodic aluminum oxide (AAO) templates, as illustrated in Figure 4.1. 

Positively and negatively charged polyelectrolytes were deposited by immersing an AAO 

membrane alternatively into aqueous polyelectrolyte solution until a desired number of bilayer 

was attained. All the polyelectrolytes were assembled at pH 9.5 conditions for guaranteeing 

strong swelling level (defined as the ratio of swollen film thickness to original film thickness) 

after treatment at low pH conditions (see Figure 4.2 and 4.3).[18-20] However, the thick bilayer 

thickness of multilayer film resulting from high pH condition causes polyelectrolyte chains to 

adsorb on the top of the nanopores instead of the inner sidewalls of pores, preventing uniform 

multilayer formation along the walls of the pores. In order to solve this problem, we utilized 

CaCl2 as a salt as well as polyelectrolytes with low molecular weight.[15] 

  



	   80	  

 

 

Figure 4.1. A schematic depicting the preparation of a nanoporous membrane containing 

polyelectrolyte multilayers: a) alternative LbL deposition with anionic and cationic 

polyelectrolytes within an AAO template; b) a schematic on the permeability test device with a 

multilayer-coated nanoporous membrane placed between two separate chambers; c) chemical 

structures of the polyelectrolyte pair used in the present study. 
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Figure 4.2. Changes in film thickness of (PAH/PSS)5 multilayers assembled at different pH on 

flat substrates before (black squares) and after (red circles) the post-treatment at pH 2. 
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Figure 4.3 TEM images of (PAH/PSS)6 multilayer structures obtained by selective removal of 

AAO templates post-treated at a) pH 7 and b) pH 2. AFM images of c) pristine AAO templates, 

d) AAO templates containing (PAH/PSS)6 multilayers, and e) AAO templates containing 

(PAH/PSS)6 multilayers post-treated at pH 2. 
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     Figure 4.4 shows the field emission scanning electron microscopy (FE-SEM) images of AAO 

membrane coated with (PAH/PSS)6 multilayers. The decrease in the pore size (35 nm) is clearly 

shown at both top and bottom sides as well as in the cross-section image in Figure 4.4a-c when 

compared with a pristine AAO membrane. (insets of Figure 4.4a and c) This indicates that the 

polyelectrolyte chains readily penetrate into narrow pores and are uniformly adsorbed on the 

entire sidewalls of the AAO membrane including top, bottom, and inside of the pores. Moreover, 

the strong presence of carbon in the energy-dispersive X-ray spectroscopy spectrum 

demonstrates that the polyelectrolyte chains are successfully adsorbed within the pores. (Figure 

4.5b) Narrow pore size distribution and uniformity of individual pores without pore blockage in 

nanoporous membranes are known to play a key role in high membrane performance, because 

the error range of membrane cutoff drastically increases or probe molecules cannot pass through 

the nanopores if the pore size distribution is broad or the pore entrance is clogged by the 

adsorption of polyelectrolyte chains. By employing the nanoporous AAO structures with 

extremely narrow pore size distribution, coupled with the uniform deposition of polyelectrolyte 

multilayers on the sidewalls of membranes, we could successfully prepare well-defined swellable 

nanoporous membranes with uniform pore size distribution. 
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Figure 4.4. FE-SEM images of a (PAH/PSS)6 multilayer-coated AAO membrane assembled at 

pH 9.5 in the presence of 5 mM of CaCl2: a) top view, b) bottom view, c) high- and d) low-

magnification cross-sectional views. The insets of (a) and (c) show a pristine AAO membrane 

(with a diameter of ~ 75 nm) without polyelectrolyte multilayers on sidewalls and the inset of (d) 

shows the photograph of an AAO membrane containing (PAH/PSS)6 multilayers adsorbed on 

sidewalls. 
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Figure 4.5. The Energy Dispersive X-ray (EDX) spectra of the cross-sections of a) a pristine and 

b) a (PAH/PSS)6 multilayer-coated AAO membranes.  
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     The swelling mechanism of poly(allylamine hydrochloride) (PAH) / poly(styrene sulfonate) 

(PSS) multilayers is mainly associated with the change in charge density of polyelectrolyte 

chains caused by the variation in external pH condition. Protonation of amine groups in PAH 

chains at low pH conditions and solvation of the charged hydrophilic polyelectrolyte chains by 

water molecules promote the swelling of multilayer films.[18-20] In the present study, in order to 

assess the effect of physical swelling on molecular translocation excluding the charge effect, PSS 

was placed at the outer layer of multilayer films, because it is a strong polyelectrolyte whose 

charge density is not much affected by external pH.  
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4.3.2 Translocation of Small Dye Molecules 

     Figure 4.6 illustrates the UV-Vis spectra of small dye molecules translocating through a 

pristine and multilayer-coated AAO membranes, both before and after pH treatment. Dye 

concentration could be inferred from the intensity measured by UV-Vis spectroscopy based on 

the calibration curve, as shown in Figure 4.6b, and all the UV-Vis spectroscopy data were 

normalized on the basis of dyes translocating through the pristine AAO membrane. In the case of 

Rhodamine B dye with a hydrodynamic radius (Rh) of 0.78 nm, when (PAH/PSS)6 multilayers 

were deposited on the sidewalls of membranes, the dye intensity decreased by 55 % compared 

with the case with the pristine membrane (Figure 4.6a). This decrease in intensity originates from 

the decrease in pore diameter caused by the multilayers adsorbed within pores. In addition, when 

the membrane bearing multilayers was treated at pH 2, the dye intensity was drastically reduced 

to 20 % of the reference value measured with the pristine AAO membrane. This result 

demonstrates that the low pH treatment leads to the significant swelling of (PAH/PSS) 

multilayers adsorbed on the sidewalls of membranes, eventually leading to the decrease in pore 

diameter with narrower molecular pathways compared with the pristine or untreated multilayer 

coated membranes. Moreover, the swelling level of (PAH/PSS) multilayers could be easily 

controlled by varying the treatment pH (Figure 4.7b), allowing not only just on-and-off states but 

also the continuous fine tuning of pore size with the same nanoporous membrane, as 

demonstrated in Figure 4.7a. 
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Figure 4.6. UV-Vis spectra of Rhodamine B translocated through AAO membranes containing 

(PAH/PSS)6 multilayers on the sidewalls: a) Rhodamine B translocated through a pristine AAO 

membrane, before- and after-post-treatments of (PAH/PSS)6 multilayers deposited on AAO 

membranes at pH 2 and b) the calibration curve of Rhodamine B in the concentration region used 

in the present study.  
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Figure 4.7. UV-Vis spectra of Rhodamine B translocated through AAO membranes containing 

(PAH/PSS)6 multilayers on the sidewalls: a) Rhodamine B translocated through (PAH/PSS)6-

coated AAO membranes post-treated at different pH values, b) the swelling level of 

(PAH/PSS)15 multilayers assembled at pH 9.5 on flat silicon wafers at different pH treatments 

(black squares) and the rejection rate of Rhodamine B from the AAO membranes containing 

(PAH/PSS)6 multilayers at different pH treatment conditions (blue circles). 
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4.3.3 Translocation of QD Molecules 

     Furthermore, QDs with 7 nm in diameter, about 9 times bigger than the size of Rhodamine B 

molecule, were also examined for translocation, as shown in Figure 4.8. In the case of QDs, after 

the deposition of (PAH/PSS)6 multilayers, the peak intensity dramatically drops down by 95 %, 

even without pH post-treatment, from its reference value. The significant cut-off behavior is 

believed to be due to the bigger size of QDs when compared with Rhodamine B, resulting in the 

significant difference in both penetration and translocation of QDs through the pores. After the 

post-treatment at pH 2, the pore size is further reduced by swollen polymer multilayers within 

the pores, effectively blocking all the pathways for the translocation of QDs. Consequently, 

merely 1 % of the reference peak was detected after the post-treatment. 
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Figure 4.8. UV-Vis spectra of QDs translocated through a pristine AAO membrane, before- and 

after-post-treatments of (PAH/PSS)6 multilayers deposited on the AAO sidewalls at pH 2. The 

inset is a TEM image of QDs utilized in the present study. 
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4.3.4 Molecular Separation 

     By taking advantage of the effect of size exclusion or Rh of translocating molecules on the 

translocation behavior, we could easily separate Rhodamine B from the mixtures of Rhodamine 

B and QDs by modulating pore size with the post-treatment of membranes containing pH-

sensitive multilayers, as shown in Figure 4.9. Two characteristic peaks, one from Rhodamine B 

and the other with QDs, were detected, when the mixture solution was allowed to pass the 

pristine AAO membrane, indicating that the pore diameter, 75 nm in diameter, is large enough 

for both species to easily pass through the pores. On the contrary, when the mixture solution was 

passed through the membrane containing (PAH/PSS)6 multilayers on sidewalls, the amount of 

QDs translocated through the membrane was reduced to 15 % of the reference value while the 

amount of Rhodamine B translocated was decreased to 57 % of the reference value. However, in 

this case, a small fraction of QDs still remain in the permeate solution. In contrast, when the 

mixture solution was allowed to pass through the multilayer-laden AAO membrane post-treated 

at pH 2, almost all the QDs were rejected from filtering through the membrane while Rhodamine 

B is allowed to pass, due to the drastic swelling of the multilayers within the AAO pores. 

Therefore, we could successfully separate Rhodamine B from the mixture solution containing 

Rhodamine B and QDs by employing a swellable nanoporous membrane. 
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Figure 4.9. UV-Vis spectra of mixtures of Rhodamine B and QDs translocated through a pristine 

AAO membrane, before- and after-post-treatments of (PAH/PSS)6 multilayers deposited on the 

AAO sidewalls at pH 2. The inset is the photographs of i) Rhodamine B, ii) QDs, iii) the mixture 

of Rhodamine B and QDs before translocation, and iv) the mixture solution after translocation. 
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4.3.5 Tranlocation of QDs with Different Charges 

   Since the molecular translocation behavior through multilayer assembled nanopores possibly 

can be affected by the surface state of translocated molecules such as charge density,[21] in order 

to check the effect of surface charge of translocated molecules on their translocation behavior, 

QDs with positive and negative charges were utilized for the translocation across the swellable 

nanopores. Amine and sulfur trioxide functionalized QDs, respectively, have positive and 

negative charge densities at pH 2, as confirmed by zeta-potential measurement in Figure 4.10. 

Figure 4.11 shows that the UV peak intensities of translocated QDs after pH 2 treatment 

decreased to approximately similar level compare to pH 7 for both positive and negative QD 

surfaces. It indicates that the translocation behavior of QDs before and after pH-treatment of the 

multilayer-coated membrane is not much affected by their surface charge states, representing 

various translocation modes in the present study mainly result from size selective filtration rather 

than the interaction between pore walls and translocated molecules due to the applied pressure. 
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Figure 4.10. Zeta-Potentials of QDs with different terminating groups at different pH conditions. 
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Figure 4.11. UV-Vis absorbance at 630 nm of QDs with different charges translocated through 

AAO membranes containing (PAH/PSS)6 multilayers at different pH treatment conditions. The 

each peak intensity was normalized based on the values obtained with pristine AAO membranes. 
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4.3.6 Reversibility in Filtration 

     Furthermore, such multilayers assembled within the nanopores reveal reversible and 

reproducible transition with change in treatment condition, as shown in Figure 4.12, which is 

similar to the trend observed in flat substrates (Figure 4.14). Figure 4.13 shows the FE-SEM 

image of multilayer-coated AAO membrane after the translocation of Rhodamine B with one pH 

treatment cycle (in the order of pH 2 and pH 7) and Figure 4.13b shows the same AAO 

membrane containing pH-sensitive multilayers after the translocation of Rhodamine B molecules 

with two pH treatment cycles, showing negligible difference in their external structure (i.e., pore 

diameter) even after repeated cycles of molecular translocations. Such reversible pore gating 

property implies that the membrane characteristics such as molecular cutoff can be continuously 

modulated or they can be switched on and off by specific signal such as the pH change shown in 

the present study. 
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Figure 4.12. Reversibility of the translocation of Rhodamine B through an AAO membrane 

containing (PAH/PSS)6 multilayers: normalized UV-Vis absorbance, measured at 554 nm, of 

Rhodamine B translocated through the (PAH/PSS)6-coated AAO membrane with different 

treatment conditions.  
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Figure 4.13. The FE-SEM images of a (PAH/PSS)6 multilayer-coated AAO membrane a) after 

the translocation of Rhodamine B in the order of pH 2 and pH 7 (one cycle) and b) in the order 

of pH 2, pH 7, pH 10, pH 2, and pH 7 (two cycles).  
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Figure 4.14. Changes in film thickness of (PAH/PSS)15 multilayers assembled at pH 9.5 on a flat 

substrate as a function of different pH treatment. 
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4.3.7 Variation in Pore Size 

     In order to estimate the pore size of swollen nanoporous membrane, the well-known Hagen-

Poiseuille (H-P) equation was employed to describe the flux through long cylindrical pores, as 

shown in Equation 4.1.  

 

J =    !!
!

!"
  ∆!
!

 (ε = n!πr!/A!)                                                    4.1 

 

where J, η, L, r, and ∆P represent the flux, viscosity, membrane thickness, pore radius, and 

pressure difference, respectively and ε is the surface porosity consisting of n! (number of pores) 

and A! (membrane area).Since the transmembrane flux is proportional to the fourth power of 

pore diameter at a fixed pressure difference, the apparent pore diameter of a membrane can be 

inferred from the experimentally measured membrane flux. In the present study, the diameters of 

pristine AAO and multilayer-coated AAO membranes obtained from FE-SEM measurements 

were 75 and 35 nm, respectively, indicating that the multilayer film thickness on the sidewalls of 

pores is about 20 nm, while the film thickness from a flat silicon wafer is 29 nm under the same 

film deposition condition. The lower film thickness within the pores is reasonable when 

considering the multilayer deposition in nanoscale confined geometry compared with the 

multilayer deposition on a flat substrate.[15] If we assume that the swelling behavior of a 

multilayer film in a confined geometry is not much different from that on a flat substrate, the 

pore diameter of the post-treated AAO membrane should approach zero, implying that all the 

pores are almost completely blocked by swollen polymer layers because the multilayer film 

assembled on a flat substrate swells by about 200 % of the original thickness at pH 2 (Figure 4.2). 

The estimated pore diameter for the multilayer-coated AAO membrane, based on the H-P 
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Equation, is 61 nm, yielding a large difference when compared with 35 nm in real pore diameter 

obtained from SEM measurement. The estimated pore diameter of the post-treated AAO 

membrane is about 50 nm, which is also much larger than the expected value of almost zero. We 

believe that this large difference between the estimated values based on Equation 4.1 and the 

pore sizes actually measured arises from the molecular translocation through interstitial space or 

voids in the multilayer films, which is not properly considered in the H-P equation. The 

Bruening group demonstrated that (PAH/PSS)n multilayer films have pores with an average 

diameter of about 1 nm within the inner film structure.[22] Furthermore, it is expected that the 

(PAH/PSS)n multilayer film assembled at a relatively high pH, as in the present study, has larger 

inner pores than the same multilayer assembled at low pH. Therefore, it is quite plausible that 

small molecules such as Rhodamine B could easily flow through the multilayer polymer forests 

with voids.  

     In order to prove this assumption, an AAO membrane with both the top and bottom sides of 

the membrane blocked by (PAH/PSS)16 multilayers was employed for the translocation 

experiment of Rhodamine B, as shown in Figure 4.15. If interstitial voids in the multilayer film 

do not exist or they are too small to allow any translocation of small molecules, the UV-Vis 

signal of translocated molecules should be negligible. However, 16 and 19 % of translocated 

molecules were, respectively, detected before and after pH-treatment of the multilayer-coated 

membrane, which is apparently blocked at both ends, as confirmed in Figure 4.16. This is the 

direct evidence showing that some small molecules are still able to move through tiny pathways 

or voids inside the multilayer films even though all the main pathways are blocked by the 

adsorbed polymer layers. When considering that the UV-Vis intensity of Rhodamine B for the 

post-treated membrane containing (PAH/PSS)6 (20 %) has almost the same value as that for the 
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post-treated membrane containing (PAH/PSS)16 (19 %), it can be inferred that the apparent pore 

diameter of the post-treated membrane containing (PAH/PSS)6 multilayers approaches to zero, 

which is much smaller than the estimated pore diameter deduced from the H-P equation. 
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Figure 4.15. Translocation behavior of Rhodamine B through an AAO membrane blocked by 

adsorbed polymer layers at both ends: FE-SEM images of an AAO membrane containing 

(PAH/PSS)16 multilayers a) at the top view, b) at the bottom view, and c) in the cross-sectional 

view. 
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Figure 4.16. Translocation behavior of Rhodamine B through an AAO membrane blocked by 

adsorbed polymer layers at both ends: UV-Vis spectra of Rhodamine B translocated through the 

(PAH/PSS)16 multilayers adsorbed on sidewalls of an AAO membrane. 
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4.3.8 Translocation of Chained Molecules 

     Furthermore, the translocation behavior of chained molecules was also examined, as shown in 

Figure 4.17 and 4.18. Since poly(ethylene oxide) (PEO) chains are known to have high 

flexibility and neutral charge density, coumarin-tagged PEO chains were chosen as model 

polymers to minimize or neglect the interactions between translocating polymer chains and 

multilayers adsorbed on the sidewalls of pores. It has been well known that the absorption 

spectra of coumarin derivatives that we used for labeling the PEO chains blue-shift under low pH 

condition.[23-26] Therefore, the each peak intensity for pre- and post-treatments was individually 

normalized based on the values obtained with coumarin-labeled PEOs translocated through the 

pristine AAO membrane in pH 2 and pH 7 solutions. Rh’s of PEOs with molecular weights of 

0.4k, 2k, 10k, 50k, and 300k are confirmed by DLS measurements as 0.4 ± 0.08 nm, 1.1 ± 0.1 

nm, 2.8 ± 0.2 nm, 6.9 ± 0.7 nm, and 19.4 ± 2.3 nm, respectively.[27] Figures 4.17a-e show UV-

Vis results on coumarin-labeled PEO chains with different molecular weights translocated 

through a pristine, before- and after-treatment of multilayer-coated AAO membranes at pH 2. In 

the case of flexible polymer chains, they could easily change their conformations to fit into the 

small pores and reptate or slither along the narrow pores, even though Rh of polymer chains is 

much larger than the pore size.[28, 29] This leads to the translocation of polymer molecules 

through extremely small pores caused by the post-treatment of membranes even in the case of 

high molecular weight of translocating chains. Before the post-treatment of the multilayer-coated 

membranes, the peak intensities decreased to 63 %, 52 %, 38 %, 28%, and 16 % of the reference 

values (on the pristine membrane) for the cases with PEO molecular weights of 0.4k, 2k, 10k, 

50k, and 300k, respectively. Clearly, the dye intensity decreases with the increase in polymer 

molecular weight, indicating that fewer molecules could navigate through the pores as the 



	   107	  

molecular weight is increased. However, after the treatment of these membranes at pH 2, all the 

peak intensities were drastically reduced to 40 %, 32 %, 18 %, 3%, and 2 % of the reference 

intensities for 0.4k, 2k, 10k, 50k, and 300k of PEOs, respectively, resulting from the decrease in 

pore size caused by the swelling of multilayers within the pores, as summarized in Figure 4.18. 

The entering and slithering of polymer chains into small pores strongly depend on the ratio of 

polymer dimension, such as the radius of gyration, to pore size.[13, 14] The increase in the 

molecular weight of polymer chains has a direct influence on polymer dimension. At the same 

time, the pore size is tuned by the swelling of multilayers deposited within membranes. Both 

effects contribute to the change in the ratio of polymer dimension to pore size, affecting the 

change in the translocation of polymer chains through nanopores. 
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Figure 4.17. UV-Vis spectra of coumarin-labeled PEOs with different molecular weights 

translocated from (PAH/PSS)6  multilayer-coated AAO membranes: a) Mw = 0.4k, b) Mw = 2k, c) 

Mw = 10k, d) Mw = 50k, e) Mw = 300k, and f) the ratios between labeled PEO chains with 

different molecular weights translocated before and after post-treatments. 
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Figure 4.18. UV-Vis spectra of coumarin-labeled PEOs with different molecular weights 

translocated from (PAH/PSS)6  multilayer-coated AAO membranes: a) Mw = 0.4k, b) Mw = 2k, c) 

Mw = 10k, d) Mw = 50k, e) Mw = 300k, and f) the ratios between labeled PEO chains with 

different molecular weights translocated before and after post-treatments. 
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4.4 Conclusion 

 

     In summary, we have demonstrated stimuli (in particular, pH)-responsive nanoporous 

membranes with sub-100 nm of pores prepared by the LbL deposition of swellable multilayers 

on the sidewalls of AAO membranes. Its pore diameter is shown to be reversibly and finely 

tuned by external post-treatment, offering membrane gating properties ranging from pores of 

several tens of nanometers to the approximately closed pore state. Using this approach, it is 

possible to filter or separate dye molecules based on size-exclusion filtration with various cutoffs 

in one membrane system. At the same time, the translocation behavior of linear chains with 

different molecular weights was also examined with different pore sizes realized by the post-

treatment of multilayers adsorbed on the sidewalls of a membrane. We believe that the results 

shown in the present study could be expanded to new and simplified size-exclusion 

chromatography providing different pore size in one membrane system containing stimuli-

responsive multilayers, which could be easily tuned by external stimuli such as pH and 

temperature. 
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Chapter 5. Sustained Release of Therapeutic Proteins from 
Multilayers Adsorbed on the Sidewalls of Porous 
Membranes 

 
Reproduced in part of the paper from Younghyun Cho, Jinkee Hong, Paula T. Hammond, and Kookheon 

Char, Sustained Release of Therapeutic Proteins from Multilayers Adsorbed on the Sidewalls of Porous 

Membranes (Paper in Preparation). 

 

5.1  Introduction 

 

     A matter of great concern and interest in the field of biofunctional membranes area is the 

biomolecule, particularly, the adsorption of protein on membrane surfaces by a wide range of 

physical and/or chemical interactions. It is well known that protein adsorption is an entropically 

driven phenomenon; this fact indicates that protein desorption from the membrane surface is a 

highly unfavorable process because it requires the simultaneous disruption of a large number of 

distinct interactions between the protein and the membrane. Such protein adsorption behavior 

induces significant changes in membrane transport properties including the rate of solute 

transport through the membrane, possibly limiting the membrane performance in potential 

applications such as the selective separation of a biomolecule, biosensors based on the specific 

binding of proteins, biomedical devices, and bioartifical organs.1-4  

   The layer-by-layer (LbL) deposition method is ideally suited for the adsorption of 

biomolecules such as proteins on inner pore surfaces because any shape and size of templates 
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including porous substrates can be easily adopted and the characteristics of multilayer films 

prepared, such as morphology, surface properties, and the amount of incorporated components 

within the film, can be easily and precisely tuned without considerable loss in the bioactivity of 

fragile biomolecules.5-8 Therefore, this method provides an alternative approach to a traditional 

biomolecule-based delivery system.  Such assembled biomolecules within films can be released 

out through the film degradation by modulating intermolecular interactions. The LbL-assembled 

multilayer system providing the incorporation and release of biomolecules under physiological 

conditions has been extended to the incorporation of not only single component but also multiple 

components in a controlled-release manner and was systematically tuned by the precise control 

of molecular interactions. We have demonstrated that hydrolytically degradable multilayer films 

could degrade and release incorporated active materials, such as ovalbumin (Ova), model antigen 

protein.9-13  

     The protein delivery coating on a biological membrane can be constructed within the possible 

utilization of smart protein adsorption on the pore walls, which has been normally considered an 

undesirable phenomenon in various applications, to realize controlled model protein release 

behaviors. Unfortunately, in some cases, the LbL coating erosion under physiological conditions 

can limit the ability to control the release behavior for drug delivery applications even though it 

has a variety advantages mentioned above; thus, such multilayer films release biological 

biomolecules with little or no control of the interdiffusion and mixing of polyionic species. In 

particular, an Ova-incorporated multilayer system typically revealed more rapid film destruction 

than other systems created with other proteins owing to its unique physical and chemical 

properties. 
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     Here, we present cylindrical porous membranes as substrates for LbL deposition, instead of 

the conventionally used flat substrates, to utilize and maximize the advantages of the LbL 

deposition method for a molecular release system: further, it provides sustained release behavior 

of a model protein and the suppression of a burst initial release in the initial stage. One of the 

interesting advantages of this approach lies in the fact that no additional complicated, time-

intensive, and cost-consuming process is necessary for modulating protein release properties 

except simply replacing the substrates used for film deposition. Most traditional approaches for 

ensuring sustained release and preventing a burst initial release have been based on the control of 

secondary molecular interactions, a major driving force for the build up of multilayer films, to 

adjust film degradation kinetics affecting molecular release properties,14-17 while the basis of 

modulating release behavior is that the diffusion rate is possibly controlled by the geometrical 

parameters of substrates, irrespective of the degradation kinetics in our approach. It is well 

known that the effective diffusion coefficient of a solute within a pore typically is lower than that 

in a bulk solution, termed as the “hindered” or “restricted” diffusion, arose from hydrodynamic 

drag and entropic restriction on the solute due to the presence of the pore wall. Such a slowdown 

in molecular diffusion becomes remarkably prominent with a smaller pore size; therefore, the 

porous substrates with a variety of pore sizes have been systematically investigated. This 

phenomenon has been observed in a wide range of important fields such as heterogeneous 

catalysis, chromatographic separation, and permeation process and explored theoretically as well 

as experimentally. 

     We believe that by simply modulating the geometry of LbL substrates, our approach sheds 

some insights on the control of the release kinetics of bioactive agents incorporated for a highly 

controlled drug release system. Because this approach takes advantage of different molecular 
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diffusion behaviors resulting from geometrical restriction without varying the properties of 

assembled thin film, it can be extended to use most previously studied thin film-based drug 

release systems; this results in further control of release kinetics while preserving of their unique 

film properties.  
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5. 2  Experimental Section 

 

5.2.1  Materials 

     Poly (β-amino ester)s (PBAE) were synthesized as previously reported.9-13 Ova and Texas 

Red-conjugated Ova were purchased from Invitrogen (Eugene, OR) and used without further 

purification. Track-etched polycarbonate (TEPC) membranes with diameters of 50 nm, 100 nm, 

200 nm, 400 nm, and 1 µm were purchased from Whatman (Clifton, NJ). 

 

5.2.2  Layer-by-Layer Assembly 

     Anionic and cationic polyelectrolytes were alternatively deposited onto TEPC membranes 

with various pore diameters ranging from 50 nm to 1 µm by using an automated slide stainer 

(Microm HMS 70). The size of a silicon wafer was fixed at 490.6 mm2, which is corresponding 

to the external surface area of TEPC membranes (25 mm in diameter). Ova incorporated 

multilayer films were created by dipping the substrates into PBAE solution (2.0 mg/ml in 

100mM NaOAc buffer) and Ova solution (0.1 mg/ml in 100 mM NaOAc) for 30 min each until a 

desired number of bilayers was achieved. After the deposition of each layer, the sample was 

thoroughly rinsed in two baths of Milli-Q water for 5 min each. 

 

5.2.3  Film and Release Characterization 

     The film thicknesses of multilayer films on a silicon wafer were measured by an ellipsometer 

(Gaertner Scientific Corp. L2W16C830). The surface morphologies with EDX analyses after 

deposition of multilayer films on the porous substrates were investigated using a JEOL JSM-

6710F scanning electron microscopy. In order to measure the release profiles of Ova from the 
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multilayer films containing (PBAE/Ova)n, each membrane containing multilayers adsorbed on 

the sidewalls was immersed into 3 ml of phosphate-buffered saline (PBS, pH 7.4) solution at 

room temperature. After the controlled time, each membrane was taken out and transferred to 

next PBS solutions. Release profile of Texas Red-conjugated Ova was analyzed by measuring 

fluorescence spectra. 

 

5.2.4  Bioactivity Measurements 

     Nonreducing SDS PAGE and native PAGE were performed using NuPAGE 10% Bis-Tris gel 

and 10% Tris-glycine gels, respectively. Samples were diluted in LDS sample buffer for 

SDS_PAGE according to the manufacturer’s instructions (Invitrogen), heated to 90 °C for 2 min, 

and ran using MES SDS running buffer at 200 V for 35 min. For native PAGE, samples were 

diluted in native sample buffer without heating and ran under native running buffer at 75 V for 

2.5 h. Finally, gels were stained with a silver staining kit (Pierce Biotechnology, Rockford, IL) 

according to the manufacturer’s instructions. Circular dichroism spectroscopy (Applied 

Photophysics) was utilized to investigate secondary structure of Ova. 
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5.3 Results and Discussions 

 

5.3.1 Preparation of Protein Integrated Multilayer Films on the Porous 

Substrates 

     In order to investigate sustained protein release using porous substrates, we prepared 

multilayer deposited cylindrical porous TEPC membranes by the alternative deposition of 

positively charged linear PBAE, as shown in Figure 5.1a, and negatively charged globular Ova 

protein (45 kDa) from aqueous solutions based on the electrostatic interactions. TEPC 

membranes consisting of polycarbonates with thicknesses of approximately 100 µm yields high 

flexibility, which suggests that they can be applied to drug delivery patches. PBAE has been well 

known to degrade hydrolytically under physiological conditions (pH 7.4) with the degradation 

occurring at pH 7.4, and Ova is frequently employed as a model antigen protein in the research 

field of immunology. We have previously introduced this PBAE to prepare LbL-assembled 

multilayer films with controlled degradation kinetics and tunable protein release profiles.9-11, 13, 18 

On the basis of previous studies, the pH value of polymer solutions was fixed at 6 for both PBAE 

(pKa between 4.5 and 8) and Ova (pI ~ 4.6) for maximizing the amount of Ova incorporated 

within multilayers. When porous substrates are immersed in a polymer solution, polymer chains 

are homogeneously adsorbed on the entire surface of the porous substrates, including the inner 

pore walls and the top and bottom surfaces; this is one of the most well-known advantages of the 

LbL deposition method. Therefore, proteins are also simultaneously released from the entire 

surface of the porous substrates when the (PBAE/Ova)n (n = number of bilayer) multilayers 

adsorbed on the porous substrates are degraded under specific conditions. Therefore, multilayers 

deposited at the top and bottom surfaces of the template were completely eliminated by oxygen-
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plasma etching prior to rehydration in phosphate-buffered saline (PBS, pH 7.4) because it is 

absolutely necessary to ensure the release of molecules only from the multilayers adsorbed on 

the sidewalls of the porous membranes. Furthermore, the surface area of silicon wafer, used as a 

reference sample for comparison with porous substrates, was matched with that of the external 

surface area of porous substrates for quantitative analysis of the difference between flat and 

porous substrates. 
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Figure 5.1.  (a) Chemical structure of a degradable Poly (β-amino ester)s used in the present 

study. (b) A schematic depicting (P1/Ova)n multilayer films assembled on a flat or a porous 

substrate.  
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5.3.2 Growth and Destruction of (PBAE/Ova)n Multilayers 

     In order to confirm the growth of (PBAE/Ova)n multilayers, used in the present study, the 

film thicknesses of the created multilayer films were measured as a function of bilayer number. 

The multilayer growth curve was approximately linear, as shown in Figure 5.2. Furthermore, the 

decrease in film thickness was also monitored as a function of treatment time during oxygen 

plasma treatment, indicating that the multilayer films formed on the upper surfaces of the porous 

membranes could be easily removed by controlling the plasma treatment conditions. In particular, 

all the multilayers had been eliminated after more than 10 s in the case of (PBAE/Ova)10 

multilayer films. (Figure 5.3) 
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Figure 5.2. The growth curve of  (P1/Ova)n multilayer films on flat substrates  as a function of 

bilayer number.  
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Figure 5.3. The decrease in the film thickness of (P1/Ova)n multilayers as a function of 

treatment time during oxygen plasma treatment. 
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5.3.3 Characterization of (PBAE/Ova)n Multilayer Formation on the Porous 

Substrates with Various Pore Diameters 

     Figure 5.4 shows that multilayer films were uniformly deposited on the sidewalls of porous 

TEPC membranes with different pore diameters. The decrease in pore size compare to pristine 

TEPC membranes due to adsorbed polymer multilayers was verified after the deposition of 10 

bilayers of (PBAE/Ova) multilayers. In the case of multilayer formation in porous structures, 

polyelectrolyte chains cannot readily enter and penetrate the narrow pores, thus preventing 

uniform adsorption of polyelectrolyte chains on the sidewall of narrow pores due to the well-

known entropic entrance barrier problem.19-20 In this process, the ratio of polymer dimension to 

pore size is the most dominant parameter. The immediate consequence of the increase in this 

ratio is that the pore entrances are covered and blocked by adsorbing polymer layers, impeding 

further migration and adsorption of polymer chains within the pores during the LbL process.8 

Figure 5.4d shows that all the pore mouths in the TEPC membrane with a diameter of 50 nm 

containing (PBAE/Ova)10 are almost blocked by adsorbed polymers. Therefore, we deposited 

only 10 bilayers of (PBAE/Ova) multilayers on all the TEPC membranes with various pore 

diameters because further multilayer deposition led to the multilayer formation onto the top and 

bottom surfaces of the TEPC membranes, instead of the inner pore walls. The recovery in pore 

diameter indicates that the multilayers deposited on the top surfaces of the membranes were 

clearly eliminated after the plasma treatment, as shown in field-emission scanning electron 

microscopy (FE-SEM) images in Figure 5.4g, h, and i. Because TEPC membranes consisting of 

organic polymer molecules were also slightly damaged during oxygen plasma treatment, we 

observed that the roughness of the top surface of TEPC membranes slightly increased. The 

presence of chlorine in the energy-dispersive X-ray (EDX) spectrum indicated that Texas Red-
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conjugated Ova molecules were successfully incorporated within the multilayered films as 

shown in Figure 5.5a and b. 
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Figure 5.4. FE-SEM Images of pristine TEPCs and TEPCs containing (P1/Ova)10 multilayers: 

pristine TEPC membranes with pore diameters of (a) 50 nm (top view), (b) 100 nm (top view), 

and (c) 200 nm (top view). TEPC membranes containing (P1/Ova)10 multilayers with pore 

diameters of (d) 50 nm (top view), (e) 100 nm (top view), and (f) 200 nm (top view). After 

oxygen plasma treatment of TEPC membranes containing (P1/Ova)10 multilayers with pore 

diameters of (g) 50 nm, (h) 100 nm, and (i) 200 nm. Cross-sectional view of (j) a pristine and (k) 

(P1/Ova)10 multilayers deposited TEPC membrane with pore diameters of 100 nm.  
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Figure 5.5. EDX spectra of cross-section of (a) a pristine TEPC and (b) a TEPC containing 

(P1/Ova)10 multilayers. 
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5.3.4 Variation in the Amount of Incorporated Protein in Multilayer Films 

Assembled on Porous Substrates with Various Pore Diameters 

     The release of fluorophore-conjugated Ova, released from (PBAE/Ova)n multilayer films 

constructed on various substrates after rehydration upon contact with the PBS solution was 

systematically analyzed by photoluminescence (PL) spectroscopy as a function of incubation 

time upon exposure to PBS solution. Figure 5.6 shows the cumulative PL intensity obtained from 

various porous membranes including a flat silicon wafer monitored up to 9 days. The results of 

PL spectroscopy show that the cumulative intensity notably increases with a corresponding 

decrease in pore diameter, except in the case of a pore diameter of 50 nm, which is in agreement 

with the increase in the calculated surface area of each porous membrane, as shown in the inset 

of Figure 5.7. This increase in PL intensity indicate that more Ova was initially integrated in the 

porous substrates with smaller pore sizes because of an increase in the actual surface area per 

external surface area with a decrease in the pore diameter of the porous substrates. The actual 

surface area of the porous substrate with a diameter of 50 nm exceptively diminished because of 

lower pore density, which is also in good agreement with the cumulative PL intensity in Figure 

5.6. Measurement of the total amount of Ova loaded and released from completely degraded 

films showed that included Ova present within (PBAE/Ova)10 multilayers created on porous 

substrates with various pore diameters under the conditions of pH 6 varied from  4.7 µg/cm2 to 

15.3 µg/cm2 depending on pore diameter, as illustrated in Figure 5.8a. These results indicate that 

the amount of adsorbed Ova within the multilayer films could be controlled by simply varying 

the pore size of the porous membranes employed, even though the external surface areas of all 

the membranes has virtually the identical value.  
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Figure 5.6. Time-dependent Ova release from (P1/Ova)10 multilayer films assembled on the 

sidewalls of porous membranes with different pore size when rehydrated in PBS with pH 7.4 at 

room temperature.  
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Figure 5.7. (a) Cumulative Ova release from different porous membranes. (b) The ratio of 

calculated surface area of porous sidewalls to that of a flat substrate. 
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Figure 5.8. (a) Calculated loaded Ova in (P1/Ova)10 multilayer film assembled on the various 

substrates. (b) Photoluminescence spectroscopy (PL) intensity of Texas red labeled Ova as a 

function of molecular concentration. 
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5.3.5 Control on Release Kinetics of Proteins from Multilayers Assembled on 

Porous Substrates with Various Pore Diameters 

     Normalized cumulative release profiles by the surface area of sidewalls of each substrate 

obtained from TEPC membranes with various pore diameters containing (PBAE/Ova)10 

multilayer films represent the effect of pore size on the protein release kinetics, irrespective of 

the amount of Ova embedded in films. The multilayer films adsorbed on the sidewalls of the 

porous membranes with various pore diameters show a relatively slower erosion release profile 

than those on a flat substrate, as shown in Figure 5.9. To our surprise, only approximately 33% 

of Ova initially incorporated into the multilayer films was released within 1 h of immersion with 

a porous membrane having a pore diameter of 50 nm, whereas more than 90% of the initial Ova 

was already released from the multilayer assembled on a flat silicon wafer under the same 

experimental conditions. Small and globular Ova molecules have low surface charge density, 

allowing readily diffusing out of Ova from the multilayer films upon contact with the PBS 

solution. Therefore, it results in a charge destabilization of the electrostatically assembled thin 

films and subsequent rapid dissolution of the film constructed on the flat substrates, allowing a 

burst initial release in the early stage. Our results indicate that a burst initial release was 

drastically suppressed and protein release was remarkably prolonged in porous membranes as 

compared to flat substrates. The difference in the release kinetics between flat and porous 

membranes notably became more pronounced with a further decrease in the pore diameter. A 

comparison between substrates with pore diameters of 50 nm and 200 nm directly shows the 

effect of pore size on the release kinetics, which have approximately equal surface areas, 

providing similar amounts of Ova integrated within films. However, a TEPC membrane with a 

diameter of 50 nm yields considerably slower release kinetics over a long duration and results in 
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a highly suppressed burst initial release in the early stage. We could not observe any significant 

changes in release kinetics in the case of TEPC membranes with pore diameters larger than 1 µm 

such as 5 µm, and 12 µm. This suggests that the release amount of active agents such as Ova as 

well as release kinetics can be easily modulated by simply varying the substrates under the same 

experimental conditions without additional tedious steps such as the incorporation of a barrier 

layer, encapsulation of drugs, formation of supramolecular complexes, and heat or chemical 

induced cross linking.14-17 In particular, 63% of a burst initial release was reduced with release 

kinetics in a more sustained manner in the case of a pore diameter of 50 nm than a flat substrate. 
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Figure 5.9. (a) Normalized cumulative release profile of Ova from (P1/Ova)10 multilayer films 

adsorbed on the sidewalls of porous membranes of different pore size as a function of immersion 

time. (b) The early release profile within 6 h of immersion time. 
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5.3.6 Hindered or Restricted Molecular Diffusion in the Confined Geometry 

     These sustained and suppressed release kinetics of proteins using porous substrates arose 

from the presence of cylindrical porous structures of TEPC membranes. The effective diffusion 

coefficient of a solute within a pore of comparable size is usually found to be less than its value 

in bulk state. This phenomenon, which is known as “hindered” or “restricted” diffusion, is due to 

the presence of the pore wall.21-24 When the solute is confined to a pore, its apparent diffusion 

coefficient is reduced by two factors. First, increased hydrodynamic interactions between the 

solute and the pore walls reduce the mobility of the solute. Second, steric restriction imposed on 

the volume available to the solute by the pore wall also results in lower diffusion coefficient, as 

expressed in Equation 5.1, 

 

𝐷!""   ≈   𝜙𝜅!!𝐷!                                                                                                                          5.1 

 

where 𝐷!"" represents the effective diffusion coefficient, 𝜙 is the partition coefficient expressed 

by (1-a/r)2 (a: solute radius, r: pore radius), 𝜅!! is the inverse ratio of the friction coefficient of 

the solute in the bulk solution to that within the pore accounting for the increased hydrodynamic 

resistance to solute motion, and 𝐷! represents diffusion coefficient of a solute in bulk solution. 

For an uncharged, solid, spherical solute of radius a, the effective diffusion coefficient can be 

expressed compactly in terms of the solute to pore size ratio λ (=a/r) by the commonly used 

Renkin equation 25-26 (Equation 5.2), as shown in Figure 5.10. 

 

𝐷!"" 𝐷! ≈ 1− 𝜆 !(1− 2.1044𝜆 + 2.089𝜆! − 0.948𝜆!)                                                       5.2 

 



	   137	  

The Renkin equation indicates that 𝐷!"" decreases with pore diameter, which is in agreement 

with data in the present study. However, the Renkin equation significantly underestimates 

hindrance effects at small λ (λ < 0.1). Therefore, such a hindered diffusion phenomenon has been 

further developed and explored theoretically and experimentally by many researchers, including 

Brenner-Gaydos (Figure 5.10),27 Falade-Brenner,28 and Tullock.29 Figure 5.10 compares the 

Renkin equation, the results of Brenner-Gaydos, and the experimental results in the present study. 

As described above, the Renkin equation clearly underestimates the severity of hindered 

diffusion effect, as shown in Figure 5.10. Furthermore, those equations are based on the 

assumptions that solute molecules are uncharged, solid, and spherical in shape to simplify 

complicated mathematical formulas; however, we utilized charged, flexible, and linear or 

globular polymer chains, resulting in significant difference in effective diffusion coefficient.22 

Along with the matter of assumptions, when the (PBAE/Ova)n multilayer films degrade under 

the PBS solution, Ova molecules are still physically trapped and entangled with other polymer 

chains, even though the electrostatic interactions are gradually dissociated upon change in pH. 

Therefore, Ova molecules have to overcome those barriers to diffuse out completely from the 

multilayer films. We believe that such gaps between our data and the theoretical predictions 

arose from the combination of the reasons mentioned above. 
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Figure 5.10. (a) Normalized cumulative release profile of Ova from (P1/Ova)10 multilayer films 

adsorbed on the sidewalls of porous membranes of different pore size as a function of immersion 

time. The inset of (a) shows the early release profile within 6 h of immersion time. (b) Effective 

diffusion coefficient in the pores in membranes relative to that in bulk solution, Deff / Dbulk, 

versus mean solute to pore size ratio λ. Square symbols represent data obtained from present 

study. 
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5.3.7 Protein Bioactivity Measurements 

     Our system, as compared to a model fluorescent dye system, has an interesting advantage in 

that it utilizes of biological drugs such as proteins as a major component. Therefore, we have 

investigated that the Ova protein incorporated into the film, dried, rehydrated, and subsequently 

released from the film maintained its own properties without damages and aggregations. Figure 

5.11 shows that circular dichroism (CD) spectra of Ova dipping solution for the preparation of 

multilayer films and Ova released after various rehydration times, i.e., 30 min, 3 h, and 5 days, 

from the (PBAE/Ova)10 deposited TEPC membrane with a pore diameter of 50 nm. All the peaks 

from the various samples maintain the unique peak shape, indicating that all the containing Ova 

proteins preserve their structural integrity. In particular, strong negative points were observed at 

209 nm and 222 nm representing the α–helix and 216 nm representing the β-sheet structure of 

protein. Furthermore, gel electrophoresis results also show that the Ova proteins from various 

experimental conditions remained nonaggregated and nondegraded, as shown in Figure 5.12. 

This suggests that the Ova protein utilized in the present study can be incorporated in multilayer 

films, dried, and released in a native monomeric state without changes in its unique structure, 

resulting from the mild processing conditions, which is a significant result for maintaining the 

bioactivity of therapeutics. 
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Figure 5.11. Circular dichroism spectra of Ova released from (PBAE/Ova)10 multilayers 

assembled within TEPC membrane with 50 nm in diameter after rehydration in PBS.  
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Figure 5.12. (a) Native PAGE and (b) Non-reducing SDS-PAGE analysis of Ova released from 

(PBAE/Ova)10 multilayers prepared in various experimental conditions after a 30 min 

rehydration in PBS. Protein samples are compared to Ova in the multilayer deposition solution 

(pH 6, 100 mM NaOAc buffer solution). 
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5.4 Conclusion 

 

     In the present study, we demonstrated that the release profiles of model Ova proteins can be 

modulated by introducing different geometries including porous membranes and controlling the 

pore size; this yields a highly sustained release in a controlled manner over a broad range of time 

span as well as a suppressed burst initial release in an early stage typically encountered in flat 

substrates. The mild processing conditions for preparing of protein-integrated multilayers based 

on the LbL assembly method in aqueous solutions ensure the preservation of the structural 

properties of proteins without aggregation and degradation during the processes such as 

incorporation of Ova molecules in films, drying, rehydration, and release under buffer solutions. 

The release amount of loaded proteins within the multilayers was also controlled by the pore size 

of porous membranes used, originating from the increase in surface area with a small pore size. 

Such different release behaviors with porous substrates mainly originate from the geometrical 

restriction in porous structures, resulting in relatively slower molecular diffusion than in bulk 

solutions; this is known as hindered or restricted diffusion, which is accelerated with an increase 

in the ratio of molecular dimension to pore size. Our approach was based on the decrease in 

molecular diffusion within pores, which arose from geometrically restricted structures, and it 

preserved the properties of the LbL assembled multilayer films. Therefore, it was possible to 

exploit the well-known advantages of the LbL method while overcoming its disadvantages. 

Along with present results, it is anticipated that our investigations can be extended to design 

multiple drug release systems in which each different release behavior involving gradual release 

from inner pores and rapid release from top and bottom surfaces is realized in one system.  
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국문초록  
 

     다양한 기판위에 구현된 기능성 고분자 박막은 원하는 특정 기능성을 부여하기 쉽고, 

그 공정이 상대적으로 경제적이고 간단하기 때문에 최근에 나노전기소자, 바이오메디컬 

소자, 기능성 코팅, 표면개질 등의 다양한 분야로의 응용이 확대되고 있다. 이러한 기능성 

고분자 박막을 다양한 연구분야로 확대 적용하기 위해서는 고분자 박막 표면 및 박막 성장 

메카니즘에 대한 본질적인 이해가 반드시 필요하다. 기능성 고분자 박막을 구현하기 위한 

다양한 방법들 중에 다층적층법이 최근 각광받고 있다. 다층적층법은 평탄한 기판, 구형 

기판, 다공성 기판등 다양한 모양 및 화학적 구성을 갖는 기판위에 손쉽게 구현할 수 있을 

뿐만 아니라 기능성 박막을 구현하기 위하여 다양한 종류의 상호인력을 사용할 수 있다는 

장점을 가지고 있다. 본 연구에서는 전통적으로 많이 연구되어졌던 평탄한 혹은 구형의 

기판위에 고분자 박막을 구현하는 대신 공간적 제한을 갖는 기판위에 고분자 박막을 

구현하는 연구에 촛점을 맞췄다. 평편하지 않은 기판위에 구현된 2차원적 박막에 비해, 

3차원 구조를 갖는 박막은 이의 형성메카니즘 뿐만 아니라 제한된 공간으로부터 기인한 

독특한 성질을 갖는다. 또한, 사용된 기판의 모양 및 크기를 변화시킴에 따라 구현된 

박막의 구조적 특징을 쉽게 조절 가능할 뿐만 아니라 다공성 기판을 사용함으로써 아주 

높은 종횡비를 갖는 기능성 나노물질을 대량으로 제조할 수 있다는 장점을 가지고 있다. 

고분자 박막 자체가 함유한 독특한 성질들을 공간적 제한으로부터 유발된 특징과 

결합하면 기능성 고분자 박막 자체 특성을 크게 향상 시키거나 혹은 기존에는 존재하지 

않던 새로운 특성이 발생하여 이를 실용적인 응용연구분야로 적용 가능하다. 제 

1장에서는 고분자 박막을 구현하기 위하여 사용된 다층적층법, 특히, 평편하지 않은 

기판위에서의 다층적층법에 대하여 소개하였다. 

     제 2장에서는 다공성 산화 알루미늄으로 불리는 원통형 나노기공 기판을 2차 산화법에 
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의하여 제조하는 연구에 대하여 소개하였다. 다양한 금속표면에서의 전기산화 과정중의 

전해질의 종류 및 농도, 반응온도, 전압, 반응시간 등 다양한 조건들의 변화에 의하여 

다양한 금속표면위에서 산화층을 형성시키는 연구는 잘 알려져 있다. 그러나 2차 

산화법의 관한 연구가 보고 되어지기 전까지는 규칙적으로 정렬된 다공성 산화 

알루미늄을 제조하는데 어려움이 있었다. 본 연구에서는 다공성 기판위에 형성된 고분자 

박막을 이용한 기능성 나노구조체를 제조하기 위하여 2차 산화법을 이용하여 규칙적으로 

정렬된 다공성 자기조립 산화 알루미늄 기판을 제조하였다. 

     지금까지는 다층적층법을 이용하여 아주 작은 기공크기를 갖는 나노다공성 기판위에 

균일하게 고분자를 적층시키는 방법은 엔트로픽 진입 장벽이라 불리는 작은 

기공크기로의 제한된 고분자 확산 문제로 아주 어려운 일이라 여겨졌다. 제 3장에서는 

이러한 엔트로픽 장벽을 극복하고자, 고분자의 분자량을 조절하고 또한 용액 pH 조절 및 

다가염을 이용하여 고분자 사슬의 구조 및 응집상태를 바꾸어 고분자사슬 크기 대 

기공크기 비를 조절하였다. 이를 통하여 고분자를 다공성 산화 알루미늄의 기공 내부에 

균일하게 흡착시킬 수 있었다. 이러한 연구를 통하여 100 nm 이하의 직경을 갖는 고분자 

나노튜브를 성공적으로 제조하였다. 

     제 4장에서는 기능성을 함유하지 않은 고분자뿐만 아니라 외부자극 반응에 따라 

팽윤이 되는 고분자 다층박막을 다층적층법을 이용하여 나노다공성 기판 내부에 

구현하였다. 외부자극 반응성 멤브레인에서 상대적으로 작은 크기의 구형 분자 뿐만 

아니라 선형 고분자의 통과거동에 대한 연구가 진행되었다. 이러한 연구결과를 토대로 

하나의 멤브레인에 다양한 멤브레인 cutoff 를 갖는 나노여과 멤브레인을 제조 할 수 

있었다. 

     마지막 제 5장에서는 제어가능한 단백질 전달 시스템으로의 응용을 위하여 인체 

생리학적 조건에서 분해 가능한 다층박막을 다공성 기판의 기공 내부에 구현하였다. 약물 
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투여 초기에 다층박막의 급격한 분해로 인한 초기 약물 대량 방출을 방지하는 연구에 대한 

연구가 많이 진행되어 왔다. 이러한 단점을 극복하고자 본 연구에서는 제한된 

공간내에서의 기공벽에 존재때문에 발생하는 분자 – 기공 내부벽 간 인력 및 공간적 

제한으로 인하여 분자들의 확산 속도가 떨어진다는 점을 활용하였다. 기공성 기판의 기공 

크기를 조절함으로서 추가적인 공정 없이 평편한 기판 위에 구현된 단백질 다층 박막에 

비해 급격한 초기 방출량을 줄이고 이와 동시에 모델 단백질의 방출 속도 및 방출량을 

조절하는 연구가 수행되었다. 
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