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Abstract  

Biomimetic Bottom-up Assembly of Nano-materials 

and Their Applications as Nano-reactors 

by 

Nuerxiati Nueraji 

Mentor: Professor Hiroshi Matsui 

     The design and fabrication of nanometer-sized functional materials have become a 

widely studied field in nanotechnology due to their potential use as building blocks in 

nanodevices. Various bottom-up methods have been developed to fabricate nano- and 

micro-scale devices in microelectronics, optic, actuators and sensors. Introduction of 

biological self-assembly of nanometer-sized building blocks is expected to 

accomplish the bottom-up fabrications in a more reproducible, efficient, and 

economic manner. The development of the next generation of electronic industry 

demands more advanced electronic circuits. The advanced electronic circuits can be 

achieved by increasing the packing density of nanometer-sized electronic elements. 

The application of bottom-up approaches has important potentials for the fabrication 

of advanced electronic circuits.  

     In this dissertation, we mainly focused on the two main parts: (A) Synthesis of 

nano-sized building blocks. Furthermore, the synthesis of unique crystalline 

structures and shapes of the inorganic and organic nano-materials at room 
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temperatures and study of their properties. For example, the results of Electric field 

Microscopy (EFM) showed the ferrolectric properties of Barium titanate nanocrystals 

formed at room temperature. Also, the semiconducting properties of needle shaped 

single crystalline structures of organic semiconductors, Polythiophenes, Polyaniline, 

and Polypyrolle was proved by scanning tunneling spectroscopy (STS). (B) Bottom 

up approach for fabrication of nanodevice; we propose here a bionanotechnological 

approach for efficient fabrications of nanometer-scale electronic circuit geometries by 

anchoring functionalized bionanotubes on to a surface via a complementary 

bioconjugation mechanism. Nanoparticles with various functions can be coated onto 

the bionanotubes by “mineralizing peptides” and the electronic properties of the 

circuit can be tuned by controlling size and packing density of particles on the 

sidewall of the nanotubes. 

     For the bottom-up approach, it is mandatory that the synthesis of photonic 

nanomaterials and their alignments be accomplished efficiently and precisely, due to 

the effects of the size, alignment, shape, and crystalline structure of the photonic 

nanocrystals. The tunabilities of these features and the potential of new materials 

fabrications by using peptides will provide a significant advantage for photonic 

material syntheses. We have employed peptide-precursor nanoring assemblies for the 

production of functional nanostructures including gold, ferroelectric barium titanate, 

and used interfacial polymerization method to produce shape controlled inorganic and 

organic nanoparticles. In this research, we further fabricated nano-arrays on substrates 

by the bottom-up approach (AFM-based nanolithography). The tunable spacing 

between the nanocrystals was adjusted by controlling the dimension of the peptide 
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nano-rings and functioned as photonic spacers. The novel fabrication methodology 

provided improved a feasible approach to control the photonic properties of resulting 

nano-particle arrays. 

Furthermore, in order for the in situ synthesis of tunable nano-particle arrays on the 

functionalized substrates as nanodevices, the bio-mineralization process was also 

applied in the SPM based nanolithography bottom–up approach. The mineralizing 

peptides were firstly patterned on to surface combining with bioresistive spacers. 

Corresponding peptides were used to implement the requirement of materials in 

device. Parameters including pH of solution, spacer, the width of the patterned areas 

and the nature of peptides were monitored to control the size, inter-particle distance, 

and shape of nano-particle arrays. 
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Chapter 1 

Fabrication of Ferroelectric Barium Titanate Nanocrystals at Room 

Temperature Using Peptide Nano-rings as Templates  1 

1.1 Introduction 

     Ternary oxides, especially BaTiO3 and SrTiO3, have attracted long-standing 

interest in nanostructure syntheses because of their extraordinary ferroelectric, 

dielectric, pyroelectric, piezoelectric, and electro-optic properties. As such, they can 

be widely used in dynamic random access memories, capacitors, electromechanics, 

and nonlinear optics2-7. Miniaturization of ferroelectric BaTiO3 crystals to the 

nanometer scale is desirable for their application in the next generation of 

electronics8-11; however, the main challenge lies in the growth of barium titanate 

nanocrystals at room temperature in a tetragonal crystalline structure, which induces 

the ferroelectric property. In the past, BaTiO3 nanoparticles have been grown in the 

cubic structure, the most stable form at room temperature, and annealing of the 

nascent BaTiO3 nanoparticles at high temperature has been necessary to transform 

their structure from the cubic to the tetragonal form4, 6, 12-15. Here, a novel method that 

uses ring-shaped peptide assemblies as templates for the one-step biomimetic 

synthesis of ferroelectric BaTiO3 nanoparticles in a tetragonal structure at room 

temperature is reported. Biological and biomimetic systems produce remarkable 

structures of crystals controlled by the chemical structure, the morphology, and the 

shape of the biological templates16-27. For example, sea urchin larvae grow single-

crystalline calcite in a curved compartment24, and our approach mimics those systems 

by growing the unusual structures of the BaTiO3 crystals on curved and confined 

peptide assemblies. To the best of the authors’ knowledge, this is the first report on 

the growth of ferroelectric BaTiO3 nanoparticles at room temperature. 

 

1.2. Experimental 

1.2.1 Synthesis of Bolaamphiphilic Peptides 
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The scheme of the synthesis of bolaamphiphilic peptides followed previous 

peptide synthetic approaches28, 29.  Bolaamphiphiles refer to a series of amphiphilic 

species with an alkyl chain at the middle of the compound and two hydrophilic end 

groups (Scheme 1.1). 

 

Scheme 1.1 Chemical structure of the bolaamphiphilic peptide. 
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Glycylglycine bolaamphiphiles  

By using Bis(N-alpha-amido-glycylglycine)heptane-1,7-dicarboxylate as a 

example, the synthetic route is shown in Scheme 1.2. Typically, in N, N-

dimethylformamide (DMF) were dissolved the dicarboxylic acid and 1-

hydroxybenzotriazole (HOBt). To this solution, a chloroform solution containing N-

Ethyl-N′-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDAC) was added at 

-5oC with stirring and the mixture was stirred for 1 hour at that temperature. To the 

resulting solution, a methanol solution containing glycylglycine benzyl ester 

hydrochloride, and then triethylamine were successively added. The mixture was 

stirred for 24 hours while gradually increasing the temperature to room temperature. 

The solvent was then removed in vacuo to obtain a white precipitate. The precipitate 

was washed on a filter paper successively with a 10%wt aqueous citric acid solution, 

water, a 4%wt aqueous sodium hydrogen carbonate solution and water and then 
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crystallized from DMF to obtain N, N’-bis(glycylglycine benzyl ester)heptane-1,7-

dicarboxyamide. This dicarboxyamide was dissolved in DMF in a water bath at 50oC, 

to which a 0.1N NaOH solution was added. The precipitate was recrystallized from 

DMF to obtain Bis(N-alpha-amido-glycylglycine)heptane-1,7-dicarboxylate (C7) as a 

white solid. 

Scheme 1.2 Synthesis of Bis(N-alpha-amido-glycylglycine)heptane-1,7-
dicarboxylate. 
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1.2.2 Nano-ring Self-assembly by C7 and A Bimetallic Precursor 

Bis(N-alpha-amido-glycylglycine)heptane-1,7-dicarboxylate, C7, and bimetallic 

precursor, barium titanium ethyl hexano-isopropoxide, 

BaTi(O2CC7H15)[OCH(CH3)2]5, were used as monomers to self-assemble nano-rings. 

In the peptide monomer solutions (10mL) at different pH values by using citric 

acid/NaOH (10mM) as the buffer solutions were added 20μL of 
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BaTi(O2CC7H15)[OCH(CH3)2]5 (13%wt in isopropyl alcohol, Alfa Aesar). Ring-

shaped self-assemblies appeared after 1–4 days in the dark. This solution containing 

the nano-ring-BaTiO3 complexes was washed with deionized water and centrifuged at 

14.5k rpm. After this process was repeated twice, the solution was then irradiated by 

long-wave UV light (355 nm) for 10 hours to remove the peptide templates. The final 

product was then washed and centrifuged to purify the tetragonal BaTiO3 

nanocrystals. 

1.2.3 Morphological and Structural Studies of The Nano-ring Self-

assembly and The Final Barium Titanate Nanocrystals 

The nano-rings and the extracted BaTiO3 nanoparticles were imaged by AFM 

(Nanoscope III, Vecco, Inc.) on freshly cleaved mica surfaces. These samples were 

also dried on carbon-coated copper grids at room temperature and studied by TEM 

and electron diffraction (JOEL 1200 EX) at an acceleration voltage of 100 kV. X-ray 

diffraction was measured using a Philips PW3040. A confocal Raman microscope 

(LabRam, Jobin Yvon/Horiba) was used to obtain Raman spectra and two-

dimensional Raman images. The 632.8nm line of an air-cooled He/Ne laser was 

injected into an integrated Olympus BX 40 microscope and focused to a spot size of 

approximately 0.7μm by an 80× long-working-distance objective. 

1.2.4 Ferroelectric Polarization Study by Electrostatic Force 

Microscope (EFM) 

EFM images of the BaTiO3 nanoparticles were recorded by the same atomic 

force microscope with a NanoScope Extender (Vecco, Inc) on Au substrates. 
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1.3 Results and Discussion 

     Peptide templates are used to hydrolyze BaTi(O2CC7H15)[OCH(CH3)2]5 inside the 

cavities in order to produce the tetragonal BaTiO3 nanoparticles at room temperature. 

Previously, it has been found that ring-shaped peptide assemblies could template Au-

nanoparticle formation inside the peptide rings30. While the size of the Au 

nanoparticles can be controlled by the cavity size, they grow with or without the 

peptide nanorings. However, the new discovery reported here is that the peptide 

nanorings have the biomimetic function of crystallizing nanometer-scale crystals that 

have never been grown under ambient conditions. In other words, tetragonal BaTiO3 

nanoparticles can only grow in the peptide nanorings at room temperature. When the 

peptide monomer solutions are added to a precursor, BaTi(O2CC7H15)[OCH(CH3)2]5,2 

ring-shaped self-assemblies appear after 1–4 days in the dark. During this process, the 

peptide nanoring templates are selfassembled simultaneously as the precursors are 

hydrolyzed in the cavities (Figure 1.1). The peptide nanoring structure has previously 

been investigated30. Figure 1.2(a) shows the phase image of BaTiO3 nanoparticles 

inside the peptide nanorings in a pH4.5 solution determined by atomic force 

microscopy (AFM). In this AFM phase image, the harder barium titanate 

nanoparticles appear in a brighter contrast at the centers of the peptide nanorings, 

which appear as softer assemblies in a darker contrast. The peptide nanorings are 

monodisperse with a size of 49 ± 11 nm, as determined by AFM and transmission 

electron microscopy (TEM). This phase contrast is consistent with that of Au 

nanocrystals grown inside the peptide nanorings imaged previously30. The magnified 

TEM image of the barium titanate nanoparticle in the peptide nanoring, Figure 1.2(b), 

also clearly shows a darker BaTiO3 particle grown inside the peptide template. The 

Raman spectra of the ring/ BaTiO3 complexes shown in Figure 1.5 reveal the 

presence of Ti–carboxylate ligation. For example, peaks at 1582, 1362, and 1060 cm–

1, marked in Figure 1.5, correspond to the m(C–O) carbonate bands in the oxalate-

bridged metal complex, COO– Ti–OOC31. The peak at 767 cm–1 represents the Ti–

O–Ti stretching mode. This chelate structure is consistent with the one between the 

barium titanate precursors and the hydroxylated block-copolymer surfaces32. When 

the peptide nanorings with the BaTiO3 nanoparticles are irradiated by UV light (355 
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nm) for 10 h in solution, the peptide template shells are removed, as shown in Figure 

1.3. Previously, Au nanoparticles have also been grown in peptide nanorings self-

assembled from peptide monomers and Au ions, and long UV irradiation destroyed 

the ring templates due to reduction of the Au ions that chelated the carboxylates of 

the peptide monomers to form the nanoring structure.30 It is likely that a similar 

reduction mechanism destroys the nanoring templates of the BaTiO3 nanoparticles 

because the UV irradiation renders the Ti ions ineffective so they can no longer 

function as a glue to sustain the ring structure via the Ti-ion/peptide chelation. The 

AFM image in Figure 1.3 shows monodisperse BaTiO3 nanoparticles with a diameter 

of 12 ± 1 nm after UV irradiation of the ring/particle complexes for 10 h. The contrast 

of the nanoparticles in the AFM phase image in Figure 1.3 is consistent with that in 

the centers of the nanorings in Figure 1.2(a), which suggests that the nanoparticles are 

released from the nanorings. The electron diffraction pattern of the resulting BaTiO3 

nanoparticles in the inset of Figure 1.3 indicates that they are highly crystalline. The 

outer and inner diameters of the peptide nanorings are observed to change as a 

function of pH of the growth solution, as shown in Figure 1.4. This plot shows that 

the size of the nanoring decreases from 49 to 23 nm as the pH is increased from 4.5 to 

10. Figure 1.4 also shows that the decrease of the peptide nanoring cavity size directly 

influences the size of the BaTiO3 nanoparticles grown inside the cavities. Under all 

growth conditions, their sizes are observed to be very monodisperse, and their sizes 

can be changed from 12 to 6 nm, as shown in Figure 1.4. The structure of the BaTiO3 

nanoparticles has been studied by X-ray diffraction as shown in Figure 1.6. In this 

figure the (100), (110), (111), (200), (210), and (211) faces of BaTiO3 are observed. 

The magnified X-ray diffraction spectrum in the inset inset of Figure 1.6 resolves the 

characteristic (002) and (200) faces of the tetragonal BaTiO3 crystals33. To test the 

nanometerscale ferroelectric property of the tetragonal BaTiO3 nanoparticles, 

electrostatic force microscopy (EFM) was used to image and manipulate the 

ferroelectric polarization of these nanoparticles. This procedure is summarized in 

Figure 1.7a. In the first step, the electric polarization of the BaTiO3 nanoparticles is 

manipulated by applying a voltage, V write, to the conductive AFM tip that gently 

contacts the nanoparticles4. 
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After the local electric polarization is written onto the nanoparticles, the resulting 

polarization is probed using EFM with a lower voltage, Vprobe, by measuring the shift 

in the resonance frequency of the AFM tip9. As shown in Figure 1.7a, during the 

probing process the AFM tip is raised at a constant height above the nanoparticles in 

order to avoid interference between the manipulated polarization and Vprobe
34. The 

raised distance of 40 nm enables one to image only the contribution from the surface 

charges associated with the local electric polarization of the BaTiO3 nanoparticles. 

After a Vwrite of +12 V was applied to BaTiO3 nanoparticles with an average diameter 

of 12 nm (Figure1.7b), the EFM image of those nanoparticles to which a Vprobe of +2 

V was applied, shown in Figure 1.7c, appears in a brighter contrast compared with the 

background due to the repulsive electrostatic interaction between the tip and the 

nanoparticles9. After a Vwrite of –12 V was applied to the same BaTiO3 nanoparticles, 

the EFM image of those nanoparticles to which a Vprobe of 2 V was applied, shown in 

Figure 1.7d, appears in a darker contrast compared with the background due to the 

attractive electrostatic interaction. It should be noted that control experiments that 

involved scanning the manipulated nanoparticles with Vprobe = –2 V resulted in 

reverse EFM images, which confirms that the probe voltage did not interfere 

significantly with the written polarization. These EFM images indicate that the 

BaTiO3 nanoparticles synthesized in the peptide nanorings at room temperature 

possess a ferroelectric property by reorienting the spontaneous electric polarization 

with an external electric field. Previously, when mineralization of calcite has occurred 

in micrometer-scale pores of membranes, the resulting crystals in the pores have been 

observed to have unusual crystalline forms and structures due to unusual surface 

tensions and reaction kinetics of the crystal growth in such small confined regions24. 

The shapes of crystallizing templates in organisms are also observed to have a 

significant impact on the resulting crystalline structures grown on biological 

templates26, 35. The nanometer-scale peptide rings used here as the confining 

templates for the crystal growth of BaTiO3 took this strategy of the confinement-

controlled mineralization one step further to the nanometer scale. As observed by the 

crystal growth in the membranes, the confinement effect of the peptide nanorings 

induced the unusual crystallization of tetragonal nanoparticles of BaTiO3. Since the 
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arrangement and the distribution of selfassembled monolayers (SAMs) of nucleating 

functional groups have previously been observed to influence the resultingcrystalline 

structures35, the chemical structure, such as the location of carboxylic acid groups that 

chelate Ti ions on the curved surfaces of the peptide nanorings, should also be a 

critical factor in growing tetragonal BaTiO3 nanoparticles 

without annealing. The exact chemical structure of the peptide assemblies is still 

under investigation. 

 

Figure 1.1 Schematic fabrication of BaTiO3 nanoparticle by (i)bolaamphiphilic 
peptide C7 and (ii) bimetallic precursor.(a) self-assembly with precursor. (b) UV 

irradiation 
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Figure 1.2 (a) Atomic force microscopy (AFM) phase image of barium titanate 
nanoparticles inside peptide nano-ring templates. Scale bar = 50 nm. (b) TEM 
image of a barium titanate nanoparticle inside the peptide nano-ring template. 

Scale bar 70 nm. (by Nurxat) 
 

 
 

Figure 1.3 AFM phase image of barium titanate nanoparticles after removal of 
peptide nanoring templates. Scale bar = 60 nm. Inset shows an electron 

diffraction pattern of the barium titanate nanoparticles with the (110), (111), 
(210), and (211) faces. (by Nurxat, Jacopo, Amit & Kai) 
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Figure 1.4 Sizes and distributions for the nano-rings assemblies and the final 
barium titanate nanoparticles at different pH values 
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Figure 1.5 Raman spectra of (a) nanotubes self-assembled from the peptide 
monomers without the barium titanate salts (b) nano-doughnuts self-assembled 

from the peptide monomers in the presence of the barium titanate salts. (by 
Nurxat & Kai ) 
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Figure 1.6 (a) X-ray diffraction pattern of barium titanate nanocrystals, from 

the solution at pH=10, with the enlarged 2-theta area for the assignment of 
tetragonality. (by Kai ) 

 
 

 
 
      
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) 



 

 

13

Figure 1.7 (a) The schematic representation of manipulating and probing 
electric polarization of BaTiO3 nanoparticles with EFM; (b) Topological AFM 
image of barium titanate nanoparticles. Scale bar = 30 nm; (c) EFM images of 
barium titanate nanoparticles with Vprobe = +2 V after Vwrite = +12 V was applied 
on the nanoparticles across a conductive AFM tip and a gold substrate. Scale = 
30 nm; (d) EFM images of barium titanate nanoparticles Vprobe = +2 V after 
Vwrite = -12 V, was applied on the nanoparticles across a conductive AFM tip and 
a gold substrate. Scale = 30 nm. (by Nurxat, Kai & Edward) 
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1.4 Conclusion 

    In conclusion, ferroelectric BaTiO3 nanoparticles were hydrolyzed inside the 

peptide-ring templates at room temperature and under ambient pressure, and these 

nanoparticles had the tetragonal crystalline structure. Because the cavity sizes of 

nano-rings were changed as a function of pH, the diameters of monodisperse BaTiO3 

nanoparticles could be controlled between 6 nm and 12 nm. The resulting BaTiO3 

nanoparticles were also demonstrated to possess the switching behavior via external 

electric fields by reorienting their spontaneous electric polarization as the direction of  

the electric fields was switched. This unusual crystallization of tetragonal BaTiO3 

nanoparticles at room temperature was likely induced by the surface chemical 

structure of peptide templates and the high surface tension in the nano-scale peptide 

cavities. Generally various important electric materials are synthesized at high 

temperature, however if these syntheses can be conducted in milder experimental 

conditions such as room temperature, it can reduce the production cost, the facility 

size (such as cooling systems), and the manpower, which will have a huge impact for 

manufacturing. The high temperature processing could also lead to nanoparticle 

aggregations and defects due to local thermal stresses. If the ring-shaped peptides 

enable one to synthesize those crystals at low temperature, as seen in the case of the 

tetragonal BaTiO3 nanoparticles, this approach will provide a new route for novel 

material syntheses.  
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Chapter 2 

An Open-Bench Method for the Preparation of BaTiO3, SrTiO3 and 

BaxSr1-xTiO3 nanocrystals at 80oC36 

 

2.1 Introduction 

The remarkable physicochemical properties of BaTiO3 (BTO), SrTiO3 (STO), and 

BaxSr1 - xTiO3 (BST) have attracted sustained scientific and technological interest.37-39 

With the current advances in nanoscience, such high-quality perovskite mixed-metal 

oxide crystals on the nanometer scale without a history of thermal stress are highly 

desirable as fundamental elements for nanosystems, including nanocapacitors and 

ferroelectrics such as ferroelectric random access memories (FeRAM).5, 40 We report 

here the first synthesis of Ba0.7Sr0.3TiO3 nanocrystals in the size range from 50 to 10 

nm with achievable giant dielectric constants (1.4 *105) at room temperature using a 

facile synthesis route involving an open-bench system at 80 °C. This synthesis is 

based on results from our preparation of nanocrystals of BTO, STO, and BST with 

various compositions. BTO and STO are among the most studied perovskite 

ferroelectrics. In the past, most synthesis procedures for the preparation of perovskite 

crystals included high-temperature ( 1000 °C) sintering followed by annealing. 

Recently, extensive effort has been focused on the establishment of moderate reaction 

conditions, especially lowering the synthesis temperature for high-quality 

nanocrystals.1-3, 13, 40-44 Various methods for the synthesisof perovskite nanocrystals 

have been developed, including co-precipitation,45, 46 sintering of organometallic 
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precursors,47 hydrothermal and solvothermal methods,13, 41, 48-51 sol-gel process,2, 52 

and procedures mediated by molten composite-hydoxide.42 Recent interests in 

nanoscience led to extensive efforts focusing on obtaining BTO and STO 

nanocrystals based on the understanding gained from bulk crystals.5, 10 The synthesis 

of BST nanocrystals with systematic composition variation has not been reported.   

There are special issues in preparing ferroelectric nanocrystals due to their very 

high surface to volume ratio. The impurity ions on the surface of the nanostructures 

may form a depolarization field preventing the tetragonal phase to grow.5, 53, 54 The 

tetragonal polymorph was usually obtained upon cooling the products to room 

temperature after a ~1000oC sintering. Although approaches with a trend towards low-

temperature synthesis of perovskite nanocrystals have been developed,13, 41, 42 most of 

the synthetic temperatures were higher than the Curie temperature (~120oC) of BTO. 

Our recent room temperature synthesis of ferroelectric nanocrystals with diameters 

from 6 to 12nm using a bolaamphiphilic peptide ring as the template was discussed.55 

The peptide ring in the equatorial direction prevented the approach of impurity ions to 

the particle surface from the lateral direction providing an asymmetric environment 

conducive to the growth of the tetragonal polymorph. A fungus-mediated biological 

route toward the synthesis of tetragonal barium titanate nanoparticles of sub-10nm 

dimensions under ambient conditions was also reported.43 Most recently, a bio-inspired 

process has been applied for the room-temperature synthesis of BTO from a bimetallic 

alkoxide precursor.44 Nonaqueous approaches have also been developed to synthesize 

nanocrystalline BTO, STO, and Ba0.5Sr0.5TiO3 mixed-metal oxide using elemental 

alkaline earth metals as starting materials.13 The resulting BTO and BST nanocrystals 



 

 

17

were found to be of cubic polymorph.56 Based on a reaction between a metallic salt and 

a metallic oxide, nanometer-sized BTO and Ba0.5Sr0.5TiO3 have also been synthesized 

in a solution of composite-hydroxide eutectic at ~200oC.42 Our reverse micelle route 

performed on a bench top at 80oC gives high-quality nanocrystalline BSTs with 

variable compositions leading directly to nanocrystals with giant dielectric constants. 

This finding is significant in providing, through a readily accessible synthetic route, 

novel particles with size down to the 10nm level for nanoelectronics. 

BTO/STO artificial superlattices in thin films have been fabricated by pulsed 

laser deposition (PLD) on many substrates.57 PLD method can fabricate of BTO/STO 

superlattice with stacking periodicity varying from 1:1 to 125:125. Using X-ray 

diffraction (XRD), the BTO/STO superlattics showed both BTO and STO 

characteristic peaks, while BST solid solutions from solvothermal method, and our 

present system only showed characteristic peaks for the BST nanocrystals, indicating 

the atomic mixing nature of the Ba2+ and Sr2+ sites. 

Reverse micelles as efficient nanoreactors have been applied to the syntheses of 

nanocrystals.58 In our syntheses, titanium tetrachloride, strontium chloride and barium 

chloride aqueous solutions were used as starting materials without organic components 

to obtain high-quality, homogeneous, stoichiometric BST nanocrystals. The system 

consisted of a combination of four components of the reverse micelles: cyclohexane 

(oil phase), aqueous solution of the metal chlorides, triton X-100 (emulsifier) and n-

butanol (co-emulsifier). The system remained stable and transparent up to the point of 

extensive condensation of hydroxy precursors. The nonionic surfactant allows the 

optimization of pH for the formation of mixed-metal oxides without altering the micelle 
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structure significantly. The optimum OH-/Ti4+ molar ratio was estblished to be 2 (see 

Section 2.2, Experimentals). The use of only inorganic substances in reverse micelles is 

of importance for the following reasons: (1) the impurity ions can be readily removed 

from the final products by washing with water; (2) total inorganic starting materials are 

ideal for the aqueous phase in the reverse micelle so that all the reactions are confined 

inside the nanoreactors; (3) the reaction temperature of 80oC, is much lower than that of 

reported synthetic procedures for BST; (4) the same micelle system can be used to 

make nanocomposites of BST with polyelectrolytes or conducting polymers by 

emulsion polymerizations in a one-pot method.59 

2.2 Experimental 

    As the chemicals were purchased from Aldrich and used as received. In a typical 

synthesis, a hydrochloric acid (37%) solution (6.39g, 47%) of TiCl4 (99.9%) and 

15mL DI water were mixed and used as the aqueous phase, and cyclohexane (99%, 

23g) as the oil continuous phase. Triton X-100 (labotary grade, 25g) and n-butanol 

(99.4%, 28g) were selected as the emulsifier and co-emulsifier. The chemicals were 

then transferred to a 500ml flask equipped with a stirrer, a thermometer, a dropping 

funnel and a reflux condenser. With stirring, a 40%NaOH (97%) solution was 

dropped into the flask until pH=7. Stoichiometric amount of SrCl2·6H2O, 99%, (or 

BaCl2·2H2O, 99%) was dissolved in de-ioned water (25ml) and then added into the 

flask dropwise under continuous stirring. Additional 40%NaOH aqueous solution 

with was then added dropwise into the colloid system until OH
-
/Ti

4+
=2/1. This 

reaction system was then kept at 78-80℃ for 3 hours prior to a centrifugation at 

4000rpm for 15min. The resulting sediment was redispersed in de-ironed water using 
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an ultrasonic bath. This centrifugation-redispersion cycle was repeated at least three 

times to remove emulsifiers and other ionic impurities. The final particles were dried 

in vaccu at 80℃ over night. The dried BSTO powders were characterized by X-ray 

diffraction (XRD, Philips PW3040) for crystalline phase determination. Transmission 

electron microscope (TEM, JOEL 1200 EX) and electron diffraction at an 

acceleration voltage of 100 kV were used to characterize the morphologies and 

crystalline structures of BSTO nano-co-crystals. The dielectric constant 

measurements were conducted on a Novocontrol BDS 80 high-resolution broadband 

dielectric spectrometer with a sample holder cell (diameter: 19.21mm; thickness: 

0.27mm). 

 

2.3 Results and Discussion 

The nanocrystals synthesized using our open-bench method are of high quality 

based on data from XRD, Fourier transform infrared (FTIR) spectroscopy, energy 

dispersive X-ray spectrometry (EDS) and TEM. Figure 2.1 shows the XRD pattern of 

BTO nanocrystals, no characteristic peaks from BaCO3 or TiO2 impurities were 

observed. 
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Figure 2.1 XRD patterns of BTO nanocrystals. (by Kai & Nurxat ) 

 

      The BTO lattice parameters are in agreement with the reported data (JCPDS No. 

31-174). The quality of the products from our synthetic and purification procedure was 

further established by FTIR and EDS. These analytical data (Figure 2.2 and 2.3) from 

our nanocrystals serve as examples of the high quality achievable by our reverse 

micelle synthetic procedure. For example, in the spectrum of STO (Figure 2.2), there 

are no observable vibrational peaks from organic impurities. The absorption at 534 cm-1 

indicates the formation of Ti-O octahedra and the broad peak at 3358 cm-1 reflects the 

absorption from surface hydroxyl groups. In the EDS analysis of BTO (Figure 2.3), no 

detectable Cl or Na peaks were observed, indicating that Cl- and Na+ ions were 

efficiently removed from the final products by thorough washing. 
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Figure 2.2 FTIR spectrum of STO nanocrystals (by Kai & Nurxat) 

 

Figure 2.3 EDS spectrum for BTO nanocrystals. Si signal is from the 
silicon wafer supporting substrate. (by Kai & Nurxat) 
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The manipulation of the Ba2+/Sr2+ molar ratio in the BST nanocrystals was 

demonstrated by the synthesis of a series of BST nanoparticles with the molar fractions 

of Ba2+ varied in the steps of 0.1. The XRD of BaxSr1-xTiO3, Figure 2.4 (a), with the 

full range of compositions show a single 200/002 peak for each composition, indicating 

the formation of true solid solution with atomic mixing of Ba2+ and Sr2+ rather than 

superlattice which would show separate BTO and STO peaks.57 With the change in the 

composition of BST, the trend of 2θ for the 200/002 peak and the variation in dielectric 

constant are depicted in Figure 2.4 (b). The 2θ value decreased from 46.74 to 44.83 

with increasing Ba2+ molar fraction, indicating the lattice unit expanded from 3.904 to 

4.039Å. The decrease of 2θ values for the series of BST nanocrystals shows three 

distinct regions in Figure 2.4 (b). The highest rate of lattice expansion with increase in 

Ba2+ takes place in the range of x=0.3 to 0.7. This is the first systematic investigation of 

BST with methodical composition variation. 

As expected, the change of the features of XRD is most pronounced in the range 

of near equal Ba2+ and Sr2+ compositions (x=0.4 to 0.6). In this region, the 111 peaks 

show much greater variation than the 200 peaks; the former plane is defined by 

periodicity involving less atomic positions than the latter, thus more sensitve to changes 

in Ba2+/Sr2+ composition ratios. At x=0.5, the XRD data showed a decrease in 

crystallinity with further deterioration at x=0.6. There is a conspicuous return to the 

previous level for high-quality crystals at x=0.7. From x=0.7 to pure BTO, a gradual 

change toward BTO peak positions for both 111 and 200 peaks was observed. As 

shown in Figure 2.4(b), the room temperature static dielectric constant has a marked 

jump at x=0.7 to a high level of 1.4x105. This maximum was observed previously for 
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bulk crystals,60-62 and in agreement with  molecular dynamic calculation.63 The giant 

dielectric constant observed indicates the tetragonal polymorph of the nanocrystal. In 

the low size range of 50 to 10nm, XRD data can not be used to rule out the presence of 

cubic polymorph.64 

Figure 2.4 XRD and dielectric results for BTO, STO and BST nanocrystals. (a) 
The XRD patterns for BST nanocrystals. (b) The shifting of 2θ value at 200/002 
peaks and the static dielectric constants for BST with increasing of Ba2+ molar 

fraction. ■-2θ values in XRD; ∆-static dielectric constant values. ( by Kai 
&Nurxat) 
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     The TEM images and electron diffraction patterns of BTO, STO, and Ba0.7Sr0.3TiO3 

nanocrystals are shown in Figure 2.5. The BTO nanocrystals have an average size of 

80nm in Figure 2.5 (a) and (e). Thus, bypassing the final high temperature sintering 

process avoided the formation of agglomerates. The electron diffraction pattern, Figure 

2.5 (d) also indicates that the synthesis gave directly high-quality nanocrystals. Both 

the shape in TEM and the spot matrix in the electron diffraction pattern support the 

preparation of single-crystalline BTO nanoparticles at a temperature as low as 80oC. 

Figure 2.5 (b) and (g) show the TEM of STO nanocrystals as non-agglomerated 

nanocubes with an average size of 70nm. The electron diffraction pattern with lattice 

indices in Figure 2.5 (f) shows the single crystalline nature of STO nanocrystals. 

Unlike STO and BTO, the Ba0.7Sr0.3TiO3 nanocrystals show rather uniform 

nanospheres in the TEM image, Figure 2.5 (c) and (i), with an average diameter of 
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50nm. The electron diffraction patterns, Figure 2.5 (d), (f), and (h), are in agreement 

with XRD results. 

The preparation of Ba0.7Sr0.3TiO3 nanocrystals with giant dielectic constant was 

extended to still lower size ranges, 20 to 10 nm, based on fine tuning the size of the 

aqueous micelles through changing the surfactant to water ratio. Particles in this low 

size range can have potential application to FeRAM. Keeping the oil phase, emulsifier 

and co-emulsifier amounts constant, and changing the amount of the aqueous contents 

by ½ and ¼ led to uniform BST nanoparticles of smaller sizes: 15-20nm in diameter 

from the system the ½, Figure 2.6 (a) and (b), and 5-10nm in diameter from the ¼, 

Figure 2.6 (c) and (d). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

26

 

Figure 2.5 TEM images and electron diffraction of BTO, STO and 
Ba0.7Sr0.3TiO3: (a-c) TEM images of BTO, STO, and Ba0.7Sr0.3TiO3, respectively. 

(d, f and h) the electron diffraction patterns of BTO, STO, and Ba0.7Sr0.3TiO3, 
respectively. (e, g and i) TEM images of BTO, STO and Ba0.7Sr0.3TiO3 in high 

magnification, respectively. ( by Nurxat & Nurxat) 

 

 

 



 

 

27

Figure 2.6 TEM images of Ba0.7Sr0.3TiO3 nanoparticles from different synthetic 
conditions: (a, b) the amount of all aqueous contents equals to 0.5 of the original 
amount; (c, d) the amount of the aqueous contents equals to 0.25 of the original 

amount. (by Kai) 
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2.4 Conclusion 

     In summary, an efficient open-bench method has been discovered for the synthesis 

of high-quality STO and BTO nanocrystals and BST nanosolid solutions with 

variable compositions and size ranges. The 80 °C temperature of the synthesis 

process represents nanocrystal formation below the Curie temperature of BTO. This 

open-bench process allows the direct, facile preparation of BST single nanocrystals 

with a giant static dielectric constant without a history of thermal stress. The 

optimized reverse micelle method led to high-quality nanocrystals as supported by 

XRD, electron diffraction, TEM, FTIR, and EDS data. The shifting of 2θ value at the 

200/002 peak reflects the increasing lattice unit dimension with increasing Ba2+ molar 

fraction as expected. Whereas the synthesized Ba0.7Sr0.3TiO3 nanocrystals are 

spherical in shape, BTO and STOhave tetragonal and cubic shapes, respectively. The 

size of the BST nanoparticles was shown to be readily tuned from 50 to 10 nm using 

our reverse micelle approach. These findings can have a significant impact on the 

development of nanoelectronics. The new procedure does not require demanding 

conditions such as high temperature, high pressure, and an inert environment and 

involves only the handling of common components. This simple open-bench method 

represents an important contribution to the perovskite nanocrystal synthesis 

methodology. 
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Chapter 3 

Catalytic growth of silica nanoparticles in controlled shapes at 

planar liquid/liquid interfaces65 

 

3.1 Introduction 

     In recent years, material scientists have extensively investigated novel ways to 

control the shape of nanoparticles.66 Controlling shapes of nanoparticles is becoming 

extremely important in various practical applications since chemical and physical 

properties of nanoparticles can be tunable by their shapes.67, 68 For example, different 

shapes of nanoparticles have different absorption properties so that the shape control 

can create a new set of colors of nanoparticles in addition to the size, useful for 

medical imaging. For another application of the shape-controlled nanoparticles in 

catalysis, when Pt nanoparticles were grown in a tetrahexahedral shape, their catalytic 

activity was enhanced because these nanoparticles had many high-index facets that 

served as active sites for breaking chemical bonds.69 Here we report a novel method 

to control the shape of nanoparticles by reacting precursors at planar liquid/liquid 

interfaces. By simply changing the combination of organic and aqueous solvents that 

formed the interfaces, this interfacial growth technique yielded different shapes of 

silica nanoparticles in triangle, cube, rod, and rope. 

   In general, non-spherical nanoparticles can be grown by modulating the relative 

surface energies between faces of nuclei.67, 70 While various dry and wet methods 

have produced nanoparticles in well-defined shapes, wet chemical methods have an 

advantage to control the shape by influencing growth rates on specific faces of nuclei 
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at the nucleation stage via capping of these faces with surfactants, ions, and 

biomolecules.17, 71-79 In all cases, the shape control becomes more effective when the 

nucleation and the growth rates slow down so that these surfactants have enough time 

to absorb particular faces; by this face-selective capping, the growth rate for each face 

is no longer equal, which could yield non-spherical nanoparticles. 

     Interfaces between two immiscible liquids such as surfaces of droplets have been 

shown to be ideal platforms for the assembly of colloidal nanoparticles,80-83 but there 

were fewer reports to grow inorganic nanoparticles at planar immiscible interfaces.84 

However, experimental studies of chemical reactions at liquid/liquid interfaces at the 

microscopic level are still in their infancy and the particle growth at the liquid/liquid 

interface has not been explored to control the shape.85, 86 In fact, the planar 

liquid/liquid interface has a significant potential for the controlled particle growth 

since this soft interface lacks fixed nucleation sites that give capping ions freedom to 

target certain faces of nuclei and the interfacial tension retards particle growth rates to 

control their morphologies.87 The slowing of nuclear kinetics at the interfaces is 

caused by the lower stability of small nuclei due to the change in interfacial tension 

between two different phases.88 While the slower nucleation kinetics has been 

observed at planar liquid/liquid interfaces, there are few reports taking this advantage 

to control the shape of nanoparticles at the interfaces. Here, our strategy for the shape 

control of nanoparticles is to apply various positive and negative ions at planar 

liquid/liquid interfaces where the nucleation kinetics are slow enough for these ions to 

absorb and change the growth rate on particular faces and these face-selective ion 

absorptions tethered the shape of resulting nanoparticles via hydrolysis and 
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condensation (Figure 3.1). While silica and other nanoparticles were assembled into 

various shapes by the surfactant supramolecular assembly method in a bulk single-

phase solution,89, 90 here we report an alternative method for the nanoparticle shape 

control, the liquid-liquid interfacial nanoparticle growth method. In this report, we 

selected silica as a model growth system since its growth mechanisms in acid and 

base catalyses are well characterized. While previously the interfacial synthesis 

strategy has been applied to grow polymers in controlled morphologies,85 the 

application of interfacial growth to inorganic nanoparticle syntheses in controlled 

shapes has not been explored extensively. 

3.2 Experimental 

     The silica precursor, tetraethyl orthosilicate (TEOS,98%, Sigma-Aldrich) was 

dissolved in organic solvents, n-butanol (Fisher) and CHCl3 (Sigma-Aldrich), in a 1 

M concentration. To form the liquid/liquid interface with the n-butanol organic layer, 

first 0.1 M aqueous solution of acid or base, HCl, HNO3 (Fisher), NH4OH (Sigma-

Aldrich), or NaOH (Acros Organics), was added to a vial, and then 5 ml of the 

TEOS/n-butanol solution was added slowly along the wall of the vial without 

disturbing the interface. In these interfacial systems, the organic phase of n-butanol 

located at the top layer. To form the liquid/liquid interface with the CHCl3 organic 

layer, first 5 ml of the TEOS/CHCl3 solution was added to a vial, and then 5 ml of the 

0.1M HCl solution was added slowly along the wall of the vial without disturbing the 

interface. In these interfacial systems, the organic phase of CHCl3 located at the 

bottom layer. After two days, aqueous layers containing silica nanoparticles were 

washed and centrifuged. Silica nanoparticles extracted in the aqueous layers were 
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then dried on carbon coated copper grids at room temperature for TEM and electron 

diffraction measurements at an acceleration voltage of 100kV (JEOL 1200 EX). 

3.3 Results and Discussion 

In this planar liquid/liquid interfacial growth of silica, the Si precursor (TEOS) and 

catalysts were loaded in different layers; TEOS in an organic layer and catalysts in an 

aqueous layer. As the alkoxide precursor from the organic phase contacted and reacted 

with catalysts at the liquid/liquid interfaces, silica particles were formed by hydrolysis 

and condensation. The intermediate species condensed from silanol [Si(OH)n]m clusters 

were hydrophilic and therefore the growth of silica nanoparticles was driven in the 

direction from the organic layer to the aqueous layer. The interfacial experiments were 

established under five different conditions with TEOS as the precursors. In the 

interfacial syntheses with the acid catalysis, HCl or HNO3 solution was employed as 

the aqueous phase and n-butanol as the organic phase. In the interfacial syntheses with 

the base catalysis, we applied NaOH or NH4OH as the aqueous phase and n-butanol as 

the organic phase. Chloroform was also applied as the organic phase to further slow 

down the growth rate of silica at the liquid/liquid interfaces. 
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Figure 3.1 Illustration of the scheme to grow silica in various shapes at planar 
liquid-liquid interface. Aqueous phase contains ions that not only catalyze the 
condensation but also cap the specific face of nuclei at slow particle growth at 

the interface. 

 

 

 

   With the acid catalysis, the hydrolysis of the TEOS precursor without the interface by 

stirring the solution yielded branched silica wires as shown in Figure 3.2(a). This 

branched wire growth without any particular shape controls was also observed in sol-

gel growth methods in homogeneous solutions containing the acid catalysis.90 However, 

the shape of silica particles was changed as the precursor was hydrolyzed at the 

liquid/liquid interface between the organic phase and the aqueous phase. When the 

TEOS precursor was in the n-butanol (top layer) and the acid catalyst HCl was in the 

aqueous phase (bottom layer), silica nanorods with 40nm in width and several 

micrometers in length were readily formed toward the aqueous layer (Figure 3.2(b)). 
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While these nanowires formed at the liquid/liquid interfaces were not branched out as 

observed in the homogeneous sol-gel system, the formation for the similar elongated 

structure between them indicates that the shape control of silica nanoparticles with the 

HCl/butanol interfacial systems have weak influence on their shapes. This is due to the 

fast silica condensation with the acid catalysts and under this condition ions at the 

interface have little time to influence the shape of silica nanoparticles by absorbing 

specific faces of silica nuclei. 

   However, striking difference was observed when the organic solvent containing 

TEOS precursors was changed from n-butanol to chloroform for the interfacial silica 

growth with the acid catalysis. In this case, the TEOS precursor in chloroform phase in 

the bottom layer was hydrolyzed at the interface by the acid catalyst HCl originated 

from the aqueous phase in the top layer, which is the reversed configuration of the 

HCl/butanol interface. This HCl/CHCl3 interface produced triangle-shaped silica 

nanoparticles as shown in Figure 3.2 ( c ). The triangular nanoparticle was 200±20 nm 

on a side. It should be noted that there were areas on TEM grids where the spherical 

form of silica is more dominant. The electron diffraction pattern (inset of Figure 3.2 ( c ) 

showed the polycrystalline nature of nanoparticles and these silica nanoparticles could 

contain the α-quartz domain based on this diffraction pattern. Although the 

condensation was still the rate-determining step in the acid catalytic interface, the 

aprotic organic solvent, CHCl3, made a significant impact on the nucleation kinetics on 

specific nucleus faces otherwise silica nanoparticles should not grow in a particularly 

defined shape. The major difference by applying CHCl3 as the organic layer is the silica 

growth rate at the interface. In order for the silica growth, silanols from the organic 
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layer of chloroform need to cross the interface toward the aqueous layer and undergo 

the condensation, however CHCl3 could retard the transfer from the organic to the 

aqueous layers since this aprotic solvent hydrogen bonds to electrophillic deprotonated 

silanols at the acidic interface.91 Due to this reduced rate of overall condensation 

reaction, chlorine ions at the interface have enough time to selectively adsorb onto 

certain faces of silica nanoparticles at the nucleation, which controls the shape of 

resulting particles. Previously, the adsorption of chlorine ions onto the <111> face 

produced triangular Cu nanoparticles,92 and the triangular silica nanoparticle grown at 

the interface between the CHCl3 organic layer and the HCl aqueous layer could 

undergo the same shape-control mechanism. It should be noted that the control 

experiment in Figure 3.2(a) to fail growing the shaped particles in a bulk solution 

without the interface suggests that the interface play an important role on the particle 

shape; If those particles are simply grown by means of the salt condensation during the 

drying process, we should observe the triangle particles when the bulk solution of 

precursors and catalysts were dried.   
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Figure 3.2 TEM images of (a) silica grown with no interface by stirring the aqueous 
solution of HCl (b) silica grown at the HCl/butanol interface (c) silica grown at the 

HCl/CHCl3 interface (right: magnified TEM image, scale bar = 100 nm). Scale bar = 
200nm. Insets show the electron diffraction patterns.(by Nurxat) 

 

 

 

   When the TEOS precursor was hydrolyzed in homogeneous media with the base 

catalysis without the interface by stirring the solution, large polydisperse silica particles 

were grown as shown in Figure 3.3(a). This type of amorphous particle growth without 

any particular shape controls was also observed previously in homogeneous sol-gel 

growth methods with the base catalysis. However, when silica was grown at the 

liquid/liquid interface with the base catalyst, NaOH, in aqueous layer and the TEOS 

precursor in the organic layer of n-butanol, the shape of nanoparticles was cubic and the 

average size of the cubic nanoparticles was 100±10 nm on a side (Figure 3.3(b). Some 

of nanoparticles in Figure 3.3(b) were in a rectangular form since two cubic 

nanoparticles aggregated side by side. The diffraction pattern in Figure 3.3(b) indicates 

that this silica nanoparticle is more crystalline as compared to the triangle particles 
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produced at the HCl/CHCl3 interface, and the pattern has a close match with α-

crystabolite. When NH4OH was applied as a base catalyst in aqueous layer, the 

polydisperse spherical nanoparticles appeared and their structure was amorphous. Since 

polydisperse spherical nanoparticles grown at the NH4OH/butanol interface resembles 

the nanoparticles grown without the interface, the NH4OH catalyst at the liquid/liquid 

interface has no influence on the shape of silica. In the case of the base catalytic growth, 

n-butanol and chloroform yielded the same particle shape at the interface. Among the 

interfaces with the base catalysts, only NaOH/butanol interfacial system tethered the 

particle shape to cubic because stronger base NaOH produced higher ion concentrations 

at the interface, which can cap certain faces of silica nuclei more effectively to control 

the shape of resulting silica nanoparticles. Previously, the shape of titania nanoparticles 

was controlled by capping them with Me4N+. This small cation could stabilize negative 

charges of titania at the nucleation stage via the electrostatic interaction and yielded 

titania nanoparticles with defined shapes.93 Sodium oleate and sodium stearate could 

also control the shape of titania nanoparticles to cubic by capping <100> and <001> 

faces.94 For this interfacial growth of silica with the base catalysis, abundant sodium 

ions at the NaOH/butanol interface could influence the silica growth on these faces 

under the characteristic slow condensation at the liquid/liquid interface. Since the 

influence of the NH4OH/butanol interface on the particle shape of silica is much 

weaker than the NaOH/butanol interface, the cationic concentration is also important in 

addition to the slowing growth kinetics to control the shape of nanoparticles at the 

liquid/liquid interfaces. It should be noted that the same phenomena was observed as 
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the lower anionic concentration at the weak acid/CHCl3 interface failed to influence the 

shape of silica nanoparticles. 

Figure 3.3 TEM images of (a) silica grown with no interface by stirring the aqueous 
solution of NaOH, scale bar = 200 nm (b) silica grown at the NaOH/butanol interface, 

scale bar = 70 nm (right inset: magnified TEM image, scale bar = 50 nm, left inset: 
the electron diffraction pattern) (c) silica grown at the NH4OH/butanol interface, scale 

bar = 200 nm. (by Nurxat & Kai) 

 

 

 

 

 

3.4 Conclusion 

     In summary, negative and positive ions at the liquid/liquid interfaces could change 

the growth rates on specific faces of silica nanoparticles under the slow nucleation 

condition and this interfacial growth technique yielded different shapes of silica 

nanoparticles in triangle, cube, rod, and rope by simply changing the combination of 

organic and aqueous solvents that formed the interfaces. The aim of this study is to 
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demonstrate that the particle shape can be changed at the liquid-liquid interface when 

the shape cannot be controlled at the same condition in the bulk single-phase solution. 

The interfacial synthesis has an advantage to slow the particle growth, which 

increases the probability for surfactants and ions to influence the resulting shapes. 

Silica was used as a model in this study, and this interfacial method will become more 

practical if the same shape control can be achieved for more important materials such 

as quantum dots. In theory, this interfacial synthesis should be applicable to control 

the shapes of various inorganic nanoparticles whose precursors can be dissolved in 

organic and catalysts or reducing agents in aqueous solutions, respectively. Therefore, 

this interfacial growth method has a potential to tether the shape of inorganic 

nanoparticles without using complex multiple synthetic processes. It should be noted 

that this method enables one to not only tether nanoparticle shapes but also provide 

means to investigate the effect of solvents on fundamental inorganic nanoparticle 

growth mechanisms under controlled environments. At last, we would like to 

emphasize that our interfacial method can be served as an alternative method to the 

existing colloidal synthesis for the shape control of nanoparticles, and there is a 

potential that our interfacial method could be applied controlling the shape of some 

systems whose shape is difficult to change by traditional colloidal methods. And the 

combination of those two methods could enhance the precision of the shape control. 
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Chapter 4 

Single Crystalline Organic Nanoneedles with Fast Conductance 

Switching Properties from An Interfacial Polymerization-

Crystallization of Conjugated Monomers85 

 

4.1 Introduction 

     Science at the nanoscale has been one of the most exciting areas of recent 

investigation, with activities that are of both fundamental and technological 

significance. New physical phenomena and revolutionary nanoeletronic devices based 

on novel nanomaterials are anticipated. Organic conjugated systems have been 

successfully applied to electronics because of their versatile electronic properties and 

their adaptability to a broad range of processing methods.95-108 However, the 

development of polymer electronics at the nanoscale is in its infancy. Here we report 

the first synthesis of polythiophene nanoneedles that exhibit fast, field-induced 

conductance switching in a single nanocrystalline element. 

Most bulk conducting polymer systems studied consist of regions of 

inhomogeneity. The investigation of the processes in the nano-domain representing 

pure crystals is critical in ascertaining the inherent electronic properties of polymer 

nano-elements. Single nanocrystals of conducting polymer have not been reported, 

although needle-shaped bulk crystals of quaterphenyl cation radical salt were 

previously studied,109 and highly ordered polymer structures were prepared by 

methods including electrochemical epitaxial polymerization,104 solution spin-coating 
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on functionalized surface,110 and solid-state polymerization of monomer crystals.111 

To date, polythiophenes together with polyanilines and polypyrroles represent the 

most important group of conducting polymers.112 Applying an interfacial 

polymerization-crystallization process, we have prepared single crystals of poly(3, 4-

ethylenedioxythiophene) (PEDOT) in a nanoneedle form. The aqueous/organic 

interfacial system used was composed of 3, 4-ethylenedioxythiophene (EDOT) in an 

organic solvent and an oxidant, ferric chloride (FeCl3), in DI water. The use of ferric 

chloride as oxidant in the precipitation polymerization of thiophenes has been 

documented.113-115 In such cases, polymer chains are generally formed first, followed 

by precipitation formation of crystals. Our system represents the first use of ferric 

chloride in the interfacial polymerization of thiophenes. This polymerization proceeds 

with an attendant crystal growth, thus higher order of crystal packing can be expected. 

The liquid/liquid interfacial crystallization could be applied to produce polyaniline 

(PANI) nanocrystals and polypyrrole (PPY) nanocrystals, in addition to PEDOT 

nanocrystals. This technique will provide a general route to synthesize conducting 

polymers via oxidative coupling processes in a single crystal state, which is extremely 

difficult to achieve by other synthetic methods. 
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4.2  Conducting Nanoneedle Growth of poly(3,4 

ethylenedioxythiophene) (PEDOT) 

4.2.1 Experimental 

4.2.1.1 Interfacial Polymerization of 3, 4-ethylenedioxythiophene 

(EDOT) 

All reagents for synthetic procedures were purchased from Aldrich Chemical 

Co. and used without further purification. In the interfacial synthesis, EDOT or 3-

hexylthiophene (3HT) (1mg/mL) was dissolved in dichloromethane (DCM), pentane 

or n-butanol, and ferric chloride (1mg/mL) in DI water. The interfacial 

polymerization was conducted in a 20-mL vial containing 5mL monomer solution 

and 5mL FeCl3 solution. The water layers were collected after 48 hours (scheme 4.1). 

 

4.2.1.2 Purification of Nanoneedle Solution by dialysis 

Five drops of concentrated HCl solution (37%) were added into the collected 

suspension. The nanoneedle suspension was then centrifuged and re-suspended three 

times followed by a final dialysis process for 10 hours using a dialysis tubing (D9277, 

Sigma-Aldrich) in ultrapure water (resistivity: 18.2 MΩ cm, total organic carbon 

levels: 10 ppb). 

4.2.1.3 Characterization by TEM, Electron Diffraction, HRTEM, 

SEM/EDS, EPR, and STM/STS 

After the purification, the aqueous suspension was 10-fold diluted for the 

transmittance electron microscopy (TEM), electron diffraction, high-resolution TEM 
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(HRTEM), Energy dispersive X-ray spectroscopy (EDS), electron paramagnetic 

resonance (EPR) and scanning tunnelling microscopy/spectroscopy (STM/STS) 

characterizations. TEM and electron diffraction were conducted on a JEOL 1200 EX 

microscope. HRTEM was conducted on a Tecnai G2 F20 cryoelectron microscope. 

EDS studies were conducted on an Amray 1910 microscope combined with a Noran 

system SIX X-ray microanalysis system (Thermo Electron Corporation). EPR 

spectrum was recorded on a Bruker EPR ESP 380E spectrometer. STM/STS studies 

were conducted on a PicoSPM II system (Molecular Imaging). For the STM/STS 

sample preparation, the diluted nanoneedle suspension was spin-coated onto an Au-

111 surface (purchased from Molecular Imaging), which was freshly annealed by the 

provider and used immediately after delivery. Ir/Pt STM tips were purchased from 

Molecular Imaging and used for all the STM/STS measurement. 

 

4.2.1.4 Sample Preparation for SEM/TEM 

The purified PEDOT nanoneedle suspension was first dried under ambient 

conditions for 10 days and then dried in vacuo at room temperature. Dark green 

PEDOT powders was collected and examined by SEM/EDS for the morphological 

and chemical composition study of the self-assemblies from PEDOT nanoneedles. 

 

4.2.2 Results and Discussion 

    In a typical synthesis, EDOT dissolved in dichloromethane (DCM, 5 mL, 1 mgmL–

1) served as the lower organic layer, and FeCl3 dissolved in DI water (5 mL, 1 mgmL–

1) formed the upper layer. After 2 days, the aqueous layer was carefully collected for 
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purification (scheme 4.1). To prevent the hydrolysis of FeCl3, 5 drops of concentrated 

HCl (37%) were added to the collected suspension. The nanoneedle suspension was 

then centrifuged, and the precipitate was re-suspended. This process was repeated 

twice and was followed by a final dialysis step in ultrapure water (resistivity 18.2 MΩ 

cm, total organic carbon level 10 ppb) for 10 h. The oxidative coupling 

polymerization of EDOT at the aqueous/organic interface was facilitated by FeCl3116  

and is an example of a system in which crystallization in the nanoregime occurs 

during polymerization. The oxidative coupling of EDOT was much slower than the 

fabrication of polyaniline (PANI) nanofibers using a similar process.117 The PEDOT 

nanoneedle samples were usually collected after 48 h, while the formation of PANI 

nanofibers using persulfate as the oxidant required at most 10 min. Unlike a typical 

solution polymerization step, which leads to the formation of insoluble crystals, this 

slow-coupling polymerization involves an interface, which mediates the development 

of superior crystal packing in the product. The nanocrystals comprise different chain 

lengths of PEDOT, as expected from their needle shape, with inner chains longer than 

the outer ones. The 50 nm length of the nanoneedles indicates that the longest chain 

contains 126 monomer units (thiophene rings). However, it is also possible that there 

may be multiple chains stacked tip-to-tip. Because of the very limited solubility of the 

crystals, the polymer size distribution could not be measured at this time.  

     Conducting-polymer samples are considered, in general, to be inhomogeneous 

systems with isolated crystalline domains.118, 119  The structural order of 

polythiophene and its derivatives could be very complicated.119-123  To obtain a highly 

crystalline conducting-polymer sample, special techniques must be applied. For 
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example, highly crystalline polythiophene can be obtained by a coupling reaction 

involving preorganized monomer crystals.111 The PEDOT products from our system 

are clearly nanoneedles that are approximately 15 nm wide and 50 nm long with 

pointed tips (Figure 4.1a and b). To the best of our knowledge, this is the first 

example of a needle-shaped, nanocrystalline conducting-polymer structure. The initial 

formation of PEDOT nanoneedles most likely occurs at the aqueous/organic interface, 

and they subsequently migrate to the aqueous phase as the nanoneedles grow. To 

determine the extent to which this interfacial polymerization system can be applied, 

pentane was used in place of DCM as the organic layer for EDOT monomers. In this 

case, the organic phase formed the upper layer, and as they grew, the nanoneedles 

migrated down into the aqueous phase. Transmission electron microscopy (TEM) 

images (Figure 4.2 and 4.3) show similar nanoneedle structures, but the tips of the 

nanoneedles are not as sharp as those obtained from DCM.  

     Although varying lattice parameters were obtained for PEDOT depending upon 

the synthesis, the polymorphs can be assigned as an orthorhombic lattice.122, 123 The 

lattice constants a, b, and c are designated as the lateral chain spacing, the p–p 

stacking distance, and the length of the repeat units, respectively. High-resolution 

(HR)TEM images (Figure 4.1c) and electron diffraction (Figure 4.1d) data obtained 

from the sample shown in Figure 4.1a indicate an exceptionally high level of order 

and provide additional structural details. The HRTEM image clearly shows the lattice 

structure of the nanoneedle. The lattice distance was assigned as the lateral chain 

spacing, a. The electron diffraction pattern shows well-defined diffraction spots, 

indicating that the nanoneedles are highly ordered single crystals. Table 4.1 gives the 
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calculated lattice distances from the electron diffraction spots. From this data, the 

determined a, b, and c lattice parameters are 0.584 (confirmed by HRTEM, Figure 

4.1c), 0.494, and 0.796 nm, respectively. The p–p stacking distance, b, is at the low 

end of the reported range 0.425 to 0.68 nm.120, 122, 123 The lateral chain spacing, a, is 

very small when compared to the range 1.3–1.5 nm reported for PEDOT with 

external dopants of different sizes and concentrations.122, 123 The factors contributing 

to the short p–p stacking distance and the close lateral spacing include the favorable 

packing of the incoming monomers on the crystal template and the absence of an 

external dopant. Energy dispersive X-ray spectroscopy (EDS) data (Figure 4.5 and 

Table 4.2 ) support a C/O/S ratio of 6:2:1 and, on average, confirm the presence of 

one chloride anion for 54 thiophene rings without any observable iron present. 

Because there was no external doping, chloride anions serve the role of charge 

compensators. The chains likely consist of macroradical cations and neutral PEDOT 

depending on whether oxidation or deprotonation is the last step of chain growth.116 

Therefore, the maximum number of thiophene rings per PEDOT chain is 54, which 

indicates a low-molecular- weight polymer that is still larger than an oligomer. In the 

acidic environment of the polymerization system (pH 2.45 in the aqueous phase) and 

in the absence of a proton acceptor in the media, cation radicals should explain most 

of the charged state of the chains. Sub-micrometer hematite needles were observed by 

aging FeCl3 in NaH2PO4 buffer at 100 °C for 3 days.124 For our organic nanoneedles, 

the electron paramagnetic resonance (EPR) spectrum (Figure 4.6) clearly shows the 

characteristics of PEDOT (linewidth is ca. 3.9 G, g-value is ca. 2.0083) without 

observable hematite. The presence of hematite would be readily observable as a very 
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intense EPR signal at a g-value of ca. 2.04 with a broad linewidth of ca. 500 G.125  The 

analytical results from TEM, HRTEM, electron diffraction, EDS, and EPR converge to 

support the preparation of single-crystal PEDOT nanoneedles exhibiting a close p–p 

stacking distance and a small lateral separation. A schematic representation of the 

polymer chain arrangement with 15 monomer units per neutral segment in the 

nanoneedle is illustrated in Figure 4.4. Absent is the chloride anion, the charge 

compensator, which is present for every 54 monomer units (S/Cl atomic ratio = 54 from 

EDS data; Figure 4.5 and Table 4.2 ). Because of their special morphology and unique 

crystalline structure, including a small p–p stacking distance and a short lateral 

separation, these nanoneedles show novel electronic properties. Using scanning 

tunneling microscopy/spectroscopy (STM/STS), we studied their electronic 

conducting behaviors and discovered a field-induced conductance switching with 

response times in the millisecond regime.The first reported conducting-polymer 

switch was based on polyaniline nanojunctions electrochemically synthesized as the 

bridge between gold electrodes.101 Abrupt switching behavior behavior was observed 

when the electrode gap narrowed to 1 nm. It was hypothesized that the abrupt switching 

was due to the formation of single crystalline domains, although the crystalline nature 

of the junction was not experimentally verified. For PEDOT STM/STS studies, the 

purified suspension was diluted ten fold with ultrapure water and spin-coated onto a 

gold(111) surface. Typical STM/STS results are shown in Figure 4.7. STM images 

were obtained for individual nanoneedles (Fig. 4.7b); following imaging, the STM tip 

was positioned in the middle of a nanoneedle for STS analysis. The tunneling current–

voltage (I–V) curves, Figure 3a, were recorded from a –4 to 4 V bias range for both the 
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PEDOT needles and the gold substrate. The gold (111) surface, as a reference, showed 

typical metallic tunneling I–V behavior. Unlike the gold surface, PEDOT nanoneedles 

exhibited abrupt switching behaviors near –3 and 3 V. The conductance behavior most 

likely involves electron transport along the p–p stacking direction of the PEDOT 

nanoneedle. The plateau region from –3 to 3 V can be assigned as the OFF or 

insulating state (tunneling current < 0.04 nA) of the switch. When the bias voltage 

increased to 3 V, the tunneling current abruptly jumped to a saturated amplitude 

(tunneling current > 10 nA). The two regions beyond –3 and 3 V are the ON or highly 

conducting state of the switch. The switching process took place on the order of 

milliseconds, which is comparable to switching times for molecular switches.126 At 

low applied field (0–3 V), the barrier was high enough to prevent the passage of 

tunneling current through PEDOT, and the switching-off process took over. The 

reproducibility of the STS behavior was established by the investigation on an 

ensemble of 12 individual nanoneedles ( Figure 4.8 ; switch-off and switch-on bias 

voltages and their standard deviations, Table 4.3). This noncontact measurement on 

nanocrystals in the absence of an external dopant differs inherently from the contact 

measurement on highly doped and charged conjugate bulk systems in that in the 

present case, we monitor tunneling current.127 

4.2.3  Conclusion 

In summary, single-crystalline PEDOT nanoneedles exhibiting fast conductance 

switching were synthesized for the first time using an interfacial polymerization process 

that occurs with simultaneous crystallization. The pointed nanoneedles obtained from 

this synthesis are, on average, 50 nm long and 15 nm wide. Orthorhombic lattice units 
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were assigned to single nanocrystals, and these values indicated closer p–p stacking 

distances and lateral separations than observed in most PEDOT systems. The absence 

of an external dopant and crystallization during chain growth leads to closely packed 

crystals, a condition contributing to conductance. These nanoneedles show novel 

switching behavior with a response time of milliseconds. The discovery of the new 

nanomaterial reported here can contribute to nanoelectronics by advancing fundamental 

understanding and providing a foundation for the development of novel organic 

nanoelements. 

    Scheme 4.1 Synthetic scheme of the interfacial polymerization-
crystallization of EDOT mediated by ferric chloride from the water/DCM 
system. 
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Figure 4.1 PEDOT nanocrystals. (a) TEM image; (b) Single nanoneedle 
image; (c) HRTEM; and (d) Electron diffraction. Scale bar=200nm in a, 
20nm in (b) The arrows in (c) show the chain spacing distance of 0.6nm, 
which was confirmed by the electron diffraction results (a=0.584nm, in 
Figure 4.4 and Table 4.1).( by Kai & Nurxat) 
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Figure 4.2 TEM images of PEDOT nanoneedles synthesized using pentane as the 
organic upper layer. Scale bar= (a)1μm, (b)100nm. (by Kai) 

 

 
 
 

Figure 4.3 TEM images of PEDOT nanoneedles synthesized using n-
butanol as the organic upper layer. Scale bar= (a) 1μm, (b) 100nm.  

( by Kai) 
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Figure 4.4 Schematic representation of chain arrangement for PEDOT 
nanoneedle with eight PEDOT segments, each with 15 monomer unit, 

representing partial chains. Not shown is one Cl-
 anion, a charge 

compensator, for every 54 monomer units (S/Cl atomic ratio of 54 in 
EDS data in Figure 4.5). The chains are likely composed of macroradical 
cation as well as neutral PEDOT depending on the nature of the last step 
of propagation. As represented in the orthorhombic lattice units: lateral 

chain spacing a=0.584nm, π-π stacking distance b=0.494nm, and 
repeating unit distance c=0.796nm. 
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Table 4.1 Lattice assignment of diffraction pattern. 

d(nm) Indices 

0.796 
0.584 
0.494 
0.427 
0.398 
0.344 
0.292 
0.265 
0.231 

001 
100 
010 

- 
002 

- 
200 
003 
020 

 
Figure 4.5 EDS spectrum for PEDOT from interfacial crystallization-

polymerization. The purified PEDOT sample was deposited on a silicon 
wafer cleaned by using an UV-ozone cleaner followed by an 

ultrasonication in HPLC grade methanol. The quantitative result shows a 
C/O/S ratio of 66.5/21.2/11.8, supporting the theoretical atomic ratio of 

6/2/1. The S/Cl atomic ratio of 54 indicates that every 54 monomer units 
share one Cl- as a charge compensator.(by Kai & Nurxat) 
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Table 4.2 Quantitative Results. 
 

Filter Fit   Chi Squared: 1.116; Correction Method: ZAF; Acc.Voltage: 
12.0 kV. 
Element 
  

      Net 
   Counts 

Weight % 
 

Atom % 
 

Compnd % 
 

  Norm. 
Compnd%

   C        4143   52.15   66.51   52.15   52.15 
   O        3271   22.14   21.19   22.14   22.14 
  Si          746     0.56     0.31     0.56     0.56 
   S      25291   24.64   11.77   24.64   24.64 
   S             0       ---       ---       ---       --- 
  Cl          380     0.51     0.22     0.51     0.51 
  Cl             0       ---       ---       ---       --- 
  Fe            54       ---       ---       ---       --- 
  Fe             0     0.00     0.00     0.00     0.00 
Total   100.00 100.00  100.00  100.00 

 
 

Figure 4.6 First-derivative EPR spectrum of PEDOT nanoneedle at room 
temperature (linewidth ~3.9G; g-value ~2.0083); with Mn2+ 
marker signals, 3rd and 4th line signals.( by Kai & Lingzhi) 
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Figure 4.7 Representative switching behavior of the nanoneedle. a) The 
STS experiments were conducted on STM scanner (PicoSPM II, 

Molecular Imaging). The yellow square data points show a typical 
tunneling I-V curve of Gold-111. The red square data points show the 

tunneling I-V curve of a PEDOT nanoneedle. The plateau between -3 and 
+3 volts was assigned as the OFF (low conductance) state and the two 
regions beyond ±3 volts were assigned as the ON (high conductance) 

states. The sweep time for both the curves was 10 seconds. Two hundred 
data points were collected for each curve. The I-V measurement on a 

single needle can be repeated many times. The switching response was 
estimated to be in the millisecond time scale. STM experiments were 

conducted on the same instrument using a constant current (100pA) mode 
at a low servo level (servo gain %: I=0.3, P=0.1). b) A representative 

STM topological image was collected at the scanning rate of 0.5Hz, 8.5 
minutes per frame. The bias voltage is 0.1 volts. The scale bar = 

80nm.(by Nurxat & Kai) 
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Figure 4.8 STS from twelve different nanoneedles. The Switch-on and 
Switch-off voltages and the standard deviations were tabulated in Table 
4.3. Similar STS/STM results were also reproduced in DI’s instrument 

(Veeco’s Nanoscope IIIa, St. Barbara, CA). The parameters are the same 
as that used in MI’s instrument. It should be noted that, in DI’s 

instrument, the use of the instrument parameters stated in Figure 4.7 is 
stipulated as “constant-height” mode because of the low servo gain 

setting.(by Kai & Nurxat) 
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Table 4.3 The Switch-on and Switch-off voltages and their standard 

deviations. 
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4.3  Conducting Nanoneedle Growth of PolyAniline (PANI) and Poly 

Pyrrole (PPY)128 

    In previous chapter, we discussed the first synthesis of single crystalline 

conducting polythiophenes, poly(3,4-ethylenedioxythiophene)(PEDOT) with the fast 

conductance switching property using an interfacial polymerization-crystallization 

process.85 An important growth condition necessary to yield highly crystalline 

conductive polymers was the extended crystallization time at the liquid/liquid 

interfaces to increase the degree of crystallization. As compared to other interfacial 

polymerization methods, lower concentrations of monomer and oxidant solutions 

were employed to further extend the crystallization time.129 While other interfacial 

growth of conducting polymers yielded non-crystalline polymer fibers, our interfacial 

method produced single crystalline PEDOT nanocrystals in the dimension of 15 nm x 

50 nm. These nanocrystals displayed the conductance switching behavior between the 

insulating and conducting state as potentials were applied, and the abrupt changes of 

the conductivity occurred at ±3.0 V. 85 

In order to demonstrate that our technique could be applied as the general 

fabrication procedure for the single crystalline conducting polymer growth and the 

resulting crystalline polymers have the fast conductance switching time between the 

insulating and conducting state comparable to the switching time of molecular switch, 

this liquid/liquid interfacial method needs to be extended to other conductive polymer 

nanocrystal syntheses. To test this hypothesis, we demonstrated in this report that the 

liquid/liquid interfacial crystallization could yield polyaniline (PANI) nanocrystals 

and polypyrrole (PPY) nanocrystals, other important conductive polymers, in addition 
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to PEDOT nanocrystals. This liquid/liquid interfacial method yielded uniform and 

needle-shaped conductive polymers of PANI and PPY after 48 hours and these 

conducting polymers had the single crystalline structure with the fast conductivity 

switching behavior within milliseconds. This technique will provide a general route to 

synthesize conducting polymers via oxidative coupling processes in a single crystal 

state, which is extremely difficult to achieve by other synthetic methods. 

 

4.3.1 Experimental 

4.3.1.1 Materials and Apparatus 

Pyrrole, aniline, ferric chloride, dichloromethane, and dialysis tubing were 

purchased from Aldrich Chemical Co.. Transmission electron microscopic (TEM) 

and High resolution transmission electron microscopic (HRTEM) studies were 

conducted on JEOL 1200 EX and Tecnai G2 F20 cryoelectron microscopes 

respectively; STM/STS studies followed the processes described in our previous 

contribution on both PicoSPM II (Agilent) and Nanoscope IIIa MultiMode (Veeco)85 

microscopes for study and comparison. 

 

4.3.1.2 Synthesis of Needle-Shaped PANI and PPY 

In a typical synthesis, aniline or pyrrole monomers were dissolved in 

dichloromethane (DCM, 5mL, 1mg/mL) to form the bottom organic layer and the 

oxidant, ferric chloride (FeCl3), in deionized water (5mL, 0.1mg/mL) to form the 

upper water layer. After interfacial system was established, the aqueous layer was 
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collected after 48 hrs. The purification processes of resulting polymer nanocrystals 

were described in the experimental part of Section 4.2. 

4.3.1.3 Ultraviolet-Visible Absorption of PANI and PPY 

The purified conducting polymer nanoneedle suspensions were collected for the 

Ultraviolet-Visible (UV/Vis) absorption study on a Perkin Elmer Lambda 650 

UV/VIS spectrometer. Equation 4.1 is employed for the energy conversion from the 

wavelength (nm) to the band gap (ev). 

Band gap (ev)=1243/wavelength (nm)                                (4.1) 

 

4.3.2 Results and Discussion 

Our aqueous/organic interfacial system was composed of water and DCM. The 

monomers of PANI and PPY were in the organic solvent while an oxidant, ferric 

chloride, was in the water phase. The oxidative coupling polymerization of monomer 

was mediated at the aqueous/organic interface (Scheme 4.2). Comparing to the 

experimental condition to synthesize PANI fibers at the interface,129 our coupling 

polymerization was controlled to be much slower by reducing the concentration of the 

oxidant to 0.1 mg/mL in order to obtain their single crystals. The TEM image (Figure 

4.9 A) shows the nanoneedles of PANI with an average length and diameter of 63 nm 

and 12 nm. The average length and diameter of PPY are 70 nm and 20 nm as shown 

in Figure 4.10 A. Single crystalline conducting polymers were first nucleated at the 

interface through oxidative coupling between PANI or PPY monomer from the 

organic layer and ferric chloride from the aqueous layer. These polymer nanocrystals 

were grown to the aqueous layer in the oriented direction and then they we dispersed 
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into the aqueous layer in the nanoneedle form. The high resolution TEM re images of 

both PANI and PPY resolved their lattice fringes as shown in Figures 4.9B and 4.10 

B. The HRTEM images (figures 4.9B and 4.10B) and Electron diffiraction 

images(Figures 4.14 and 4.15, Table 4.4) of PANI and PPY confirmed the single 

crystalline nature of the monodisperse nanoneedles. 

We hypothesize that those single crystalline conducting polymers are grown by 

“interfacial polymerization-crystallization” mechanism (Scheme 4.2).  Previously it 

was reported that when polymerization of PANI occurs in two-phase matrix, these 

polymers grow in the non-crystalline fiber form at the interface and the 

polymerization terminates as polymers dispersed into aqueous phase due to 

hydrophilic nature of the polymer.130 When the monomer and the oxidant 

concentrations higher than those described in our experimental section were applied 

to polymerize PANI and PPY, the formation of amorphous nanofibers or granular 

particles were observed with fast growth kinetics, thus consistent with our hypothesis. 

To grow polymers in single crystalline structure at the interface, the interfacial 

reaction needs to be slow down significantly. We could achieve this condition by 

employing the low concentrations of the PANI/PPY monomer and the FeCl3 oxidant. 

After attacked by the oxidant, the monomers around the interfacial region are charged 

positively by losing electrons to Fe3+ ions. And then the counter ions, Cl-, bind these 

positive charges and bridge the repeated units as shown in the right illustration of 

Scheme 4.2. Due to the hydrophilic nature of these primary species, the 

polymerization proceeds along the normal of the interface followed by further 

coupling reactions. In our method, those oriented polymers could be aligned between 
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positively charged repeated units and negatively charged Cl ions during the slow 

interfacial reaction (Scheme 4.2) to form elongated rice-like crystals as shown in 

Figures 4.9A and 4.10A. The polymerization with the disordered monomer alignment 

is also suppressed when freshly formed nanoneedles diffuse away from the reactive 

interface.130 Since fewer monomers are attacked by radical cations, the oxidative 

coupling reaction could be terminated in relatively short time scale, which also favors 

the formation of the shorter rice-shaped crystals rather than long fibers. The binding 

between the repeated units and Cl- ions was confirmed by the energy dispersive 

spectroscopy (EDS) (Figure 4.11). The ratio between the counter ion (Cl-) and the 

monomer unit of PANI is 1:12 while the ratio for PPY is 1:20. The difference of the 

ion-monomer ratio between PANI and PPY reflects the difference in their ability to 

accommodate positive charges, in consistence with the lower ionization potential of 

PANI. The EDS results of PANI and PPY show that there was no iron traces in the 

spectrum. Furtheremore, the EDS results of PANI and PPY proved that the electron 

diffraction was originated from single crystalline conducting polymers. 

These nanoneedles displayed interesting electronic properties due to their unique 

morphological and crystalline structure. We applied scanning tunneling spectroscopy 

(STS) to probe their electronic properties. In our STS studies for PANI and PPY 

nanoneedles, each suspension was collected from upper aqueous layer and dialyzed 

for 10 hours in nano-water (resistivity 18.2 MΩ cm, total organic carbon level 10 

ppb) to remove impurities. The purified suspension was then 10-fold diluted with 

nano-water and spin-coated on a gold-111 substrate surface. The tunneling I-V curves 

were recorded from -5 to 5 V scale for these polymers between the STM tip and Au 
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substrate. While bare Au substrate showed a typical metallic tunneling I-V behavior, 

the abrupt switching behaviors were observed for PANI at ±3.5 V and PPY at ±4 V as 

shown in Figure 4.12. The PANI nanoneedles were insulated in the range of -3.5V ~ 

+3.5V, and in the case of PPY nanoneedles the “OFF” state is between -4.0 V and 

+4.0 V for PPY. Beyond these critical points, both PANI and PPY nanoneedles 

turned on the conducting state, and this switching process from the “OFF” to the 

“ON” states was in millisecond scale. This result indicates that the barrier for electron 

injection is high in the range of “OFF” region to prevent the passage of tunneling 

electrons. Previously, the rapid transition from the “OFF” to the “ON” states with the 

sharp raising slope in the I-V curves was only observed in PANI in molecular scale, 

grown electrochemically between electrodes in the length of 1 nm.101 Therefore, this 

is the first example to observe the fast conductance switching behavior in large 

conducting polymer crystalline domains. 

Since the voltage range of “OFF” state is larger in PPY than PANI in Figure 4.12, 

this comparison indicates that the band gap for PPY nanoneedles is larger than the 

band gap for PANI nanoneedles. This is consistent with Ultraviolet-Visible (UV) 

absorption spectra of PANI and PPY, as shown in Figure 4.13. From those spectra, 

the PPY nanoneedle has the higher band gap (2.5eV) as compared to the PANI 

nanoneedles (2.21eV). It should be noted that we did not observe characteristic NIR 

peaks in Figure 4.13  because our polymer systems do not contain high level doping, 

typically observed in the conductive polymer samples synthesized in the classical one 

phase methods.131 
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Scheme 4.2 Slow interfacial polymerization-crystallization through 
oil/water interface. 

 

 
 
 

Figure 4.9 (a) TEM image of PANI nanoneedles; (b) HRTEM image of 
PANI. (by Nurxat)  
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Figure 4.10 (a) TEM image of PPY nanoneedles; (b) HRTEM image of 

PPY. (by Kai & Nurxat) 
 

 

Figure 4.11 EDS spectra of polymer nanoneedles: (a) PANI; (b) PPY. 
(by Kai & Nurxat) 
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. Figure 4.12 STS spectroscopy of conducting polymer nanoneedles and 
the gold-111 substrate surface. (by Kai & Nurxat) 

 

 

Figure 4.13 UV spectra of conducting polymer nanoneedles. Calculated 
bandgaps are 2.21 (PANI) and 2.50 (PPY) eV. (by Kai & Nurxat) 
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4.3.3 Conclusion 

Single crystalline nanoneedles of PANI and PPY were synthesized using an 

interfacial  polymerization process for the first time. An “interfacial polymerization-

crystallization” at the liquid/liquid interface allowed PANI and PPY polymers to 

form single crystalline nanocrystals in the rice-like shape in the dimensions of 63 nm 

x 12 nm for PANI and 70nm x 20nm for PPY. The conductance switching properties 

of these crystalline polymers were observed in their I-V curves, and the conductance 

switching was fast in the time scale of milliseconds. Since this liquid/liquid interfacial 

synthesis method yielded conducting polymers of EDOT, PANI, and PPY in the 

single crystal state, our technique could be applied as the general fabrication process 

of single crystalline conducting polymers. 

Figure 4.14  The electron diffraction image of Polyaniline nanoneedles. 
( by Nurxat & Kai) 
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Figure 4.15   The electron diffraction image of Polypyrrole.( by Nurxat & Kai) 

 
 
 
 

 
 

 
Table 4.4   Lattice assignments based on the diffraction pattern. The polymers 
assigned as an orthorhombic lattice. 
 

d(nm)  PEDOT d(nm) PANI d(nm) PPY indices 
0.796 0.792 001
0.584 0.734 0.792 100
0.494 0.544 010
0.427 - -
0.398 - 0.387 002
0.344 - -
0.292 0.369 0.387 200
0.265 - 0.264 003
0.231 0.277 0.331 020

 0.246 0.264 300
 0.246 -
 0.238 -
 0.194 004
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Chapter 5  
 
Simple separation of Size-selected Peptide Nanotubes Using Size-
exclusion Columns  and use as Templates for fabricating one-
dimensional single chains of Au nanoparticles174 
 

5.1  Introduction 

     Recently, 1D single chain of metal nanoparticles (SCMNPs, i.e. nanocrystal 

necklaces) have been attracting great attention due to their unique electron transport 

properties via their coulomb blockade and quantum confinement effect.179-184 The 

transport properties are sensitive to the size and the gap between them, and the 

necklaces have potential applications as single electron transistors or conductivity-

tunable nanowires for microelectronics.27, 148, 149, 185-192 The ability of SCMNP’s also 

attractive for application as plasmon waveguides.193-196  While electron beam etch 

lithography have been reported extensively to prepare SCMNPs,191-196 more scalable 

and economical methods to synthesize SCMNPs are desirable for industrial 

applications. In general, wet chemical methods are more straightforward to synthesize 

2D or 3D patterns of nanoparticles, but controlling the NPs to align along a straight 

1D direction is more difficult without any templates. Various nanoparticles were 

grown on various wire-like templates as single chains such as surfactants, DNAs, and 

polymers;197-201 however those chains tend to aggregate and more straight SCMNPs 

are necessary to incorporate them as building blocks to the device configurations. The 

quality of nanoparticles on the templates is also desired to improve so that 

nanoparticles are more monodisperse and the distance between nanoparticles is more 
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uniform to control the transport property of electron more precisely via quantum 

confinement effect for applications in microelectronics and optics. 

      Previously, peptide nanotubes in the diameter of >100 nm, self-assembled from 

peptide bolaamphiphile monomers via 3D intermolecular hydrogen bonds between 

amide and carboxylic acid groups,202 were coated by a synthetic peptide, A-H-H-A-

H-H-A-A-D (HRE), on the nanotube surfaces and these HRE peptides mineralized 

Au ions to grow monodisperse Au nanoparticles in the diameter of 6 nm on the 

nanotubes.150 The HRE peptide, whose sequence is known to mineralize Au ions 

efficiently,139 was bound to free amide groups of the nanotubes via hydrogen bonding 

and regulated the size, the monodipsersity, and the packing density (i.e., the distance) 

of Au nanoparticles on the nanotubes.148 Recently, peptide nanotubes from peptide 

bolaamphiphile monomers were found to grow in the range of 10 – 300 nm in 

diameter at room temperature and these nanotubes do not aggregated in aqueous 

solution. Therefore, if we can separate the HRE peptide-coated peptide nanotube 

whose diameter is comparable to the size of metal nanoparticles, it may be possible to 

grow Au nanoparticles as straight 1D single chains in the controlled size and the 

controlled particle-to-particle distance along the straight peptide nanotubes that act as 

templates. Here we report the simple method to separate peptide nanotubes by using 

size-exclusion columns and grow Au nanoparticles in the diameter of 6 nm as a 

straight 1D single chain on the HRE peptide-coated nanotube in the diameter of 10 

nm (scheme 5.1). Our method for the SCMNP fabrication grows highly-

monodispersive nanoparticles directly on wire-like templates via biomineralization 

instead of attaching pre-formed nanoparticles on the templates. 
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5.2 Experimental 

5.2.1 Peptide Bolamphiphile monomer synthesis 

The synthesis of peptide bolaamphiphile was followed by the published method.29 To 

asolution of glutaric acid (0.5g) and 1-hydroxylbenzotriazole (0.65g) in 

dimethylformamide (DMF) was added 1-ethyl-3-(3 dimethylaminopropyl)-

carbodiimide hydochloride (0.92g) dissolved in chloroform (10ml) with stirring at -

5°C. After 1hour, a solution of glycin-glycin benzyl ester hydrochlorate (1.88g) in 

methanol (10ml) and triethylamine (0.67ml) was added to the reaction mixture. It was 

stirred for 24 h at 0°C and allowed to slowly warm to room temperature. Evaporation 

of the solvent resulted a white powder, which was washed with 1% citric acid (50ml), 

water (50ml), and 4% sodium hydrogencarbonate (50ml). To a solution of powder 

(0.82g) in DMF (200ml) was added 0.1N NaOH (35ml) at 80°C-85°C, and stirred for 

4h. The solution was acidified with 1N HCl (4ml). The solvent was evaporated under 

reduced pressure leave a white solid product. The product was washed with cold 

acetone and water to give a white powder of bis(N-�-amido-glycylglycine)-1,3-

propane dicarboxylate (0.53g, 55%). All chemicals were purchased from Sigma. 1H 

NMR spectra were recorded with the 500 DRX BUKER by using DMSO-d6 as an 

internal standard for the organic solutions. 1HNMR (DMSO-d6, 500MHz): δ1.72 

(quintet, 2H, CH2(CH2)CH2); (t, 4H, CH2(CH2)CH2); 2.1 (t, J=7.3 Hz, 4H, 

COCH2(CH2)CH2CO); 3.76 (d ×2, J=5.9 Hz, 8H, NHCH2CO2); 8.17 (t ×2, J= 5.8 

Hz, 4H, NH); 12.1 (s, J=5.9 COOH ×2). 13C NMR δ 22.245, 39.92, 40.01, 42.722, 

170.6, 172.17, 173.25; FABHRMS Calcd for C13H20O8N4 (M+H+) : 361.13. 
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5.2.2 Experimental conditions for peptide nanotube assembly 

     The peptide bolaamphiphile monomer (0.018g) was dissolved in a 10 ml NaOH 

solution (0.1N). After sonicating it for 1 minute with a ultra-sonicator (Fisher 

Scientific FS20H), the resulting solution was filtered by a syringe equipped a 400 nm 

Millex-HV membrane. The 5 ml citric acid (50mM) was added to the solution to 

adjust the pH value to 4.7. After the solution was kept at 5~6 C° for 20 days, the 

peptide nanotubes were produced in the solution. All nanotubes were centrifuged by 

an Eppendorf mini centrifuge and washed by distilled water for three times. These 

nanotubes were dissolved in 2 ml distilled water in an eppendorf tube. 

5.2.3 Preparation of the size-exclusion column and experimental 

conditions for the nanotube separation process 

First, glass wool (100mg, Fisher) was inserted in the bottom of 9˝ glass pipet (Fisher), 

and then 250mg Sephadex G-50 medium beads were placed in the glass pipet on the 

glass wool. After the column was dipped in deionized water for 72 hrs, 1 mL of the 

peptide nanotube solution was run through the column and rinsed with 23 ml 

deionized water. The fluent rate of rinsing water was 0.5ml/mins. Every 1ml fraction 

of the sample was collected at sequential time. The nanotubes were centrifuged to be 

collected and dissolved in tris-buffer (pH 8.6, 0.1M). 

5.2.4 The growth of Single Chain of Metal Nanoparticles on the 
peptide nanotubes 
 

      After the column separation, the peptide nanotubes with diameter of 10nm were 

centrifuged to be collected, and then dissolved in 200μl of tris-buffer (0.1M, pH 8.6). 

The HRE peptide (1mM, 10 μl) was incubated in the nanotube solution for 24 hours 
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at room temperature. Then 3 mg of the chloro(trimethylphosphino)gold was 

introduced into the system and stored for 72 hrs to adsorb Au ions onto the nanotubes. 

In order to separate free Au ions in the solution, the nanotube solution was 

centrifuged under 14,000rpm for 30 minutes in the Eppendorf mini centrifuge. The 

nanotubes on the bottom of the eppendorf tube were dissolved in 200 μl tris-buffer 

(pH 8.6, 0.1M). A reducing agent, hydrazine hydrate (16 M, 6 μl) was added to the 

system to reduce Au ions on the nanotubes for 3 days, and the Au nanoparticle 

coating was confirmed by the color change of solution to purple. 

5.3 Results and Discussion 

      Peptide nanotubes were self-assembled from peptide bolaamphiphile monomers, 

bis(N-α-amido-glycylglycine)-1,3-propane dicarboxylate, in a pH 4.7 NaOH/citric 

acid solution (50 mM).202 After the solution was kept at 5 – 6 ˚C for 20 days, the 

peptide nanotubes were observed in the diameter of 10 – 320 nm. Then a size 

exclusion column with Sephadex G-50 beads was used to separate peptide nanotubes 

in diameter. The 9˝ glass pipet was first filled with glass wool at the bottom, and then 

250 mg of the Sephadex G-50 medium beads were loaded in the column in the height 

of 4˝. For the size separation of peptide nanotubes, 1 mL of the nanotube solution was 

run through the resulting column and rinsed with 23 mL deionized water. The 

fractions of nanotube samples from the column were studied by transmission electron 

microscopy (TEM) in an accelerating voltage of 120kV. The specimens were 

prepared by depositing one droplet of the nanotube solution on carbon film-coated 

copper grids and drying in the air. The first fraction, 6 mL of the sample from the 

column, contained the peptide nanotubes in the diameter of 320 nm. The second 
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fraction, another 6 mL of the sample, included the peptide nanotubes in the diameter 

of 180 nm. The third and fourth fraction contained 120 nm and 10 nm peptide 

nanotube, respectively. This outcome is summarized in Figure 5.1a, and typical TEM 

image of the separated peptide nanotube is shown in Figure 5.1b. In the inset of 

Figure 5.1b, the hollow structure of peptide nanotube was clearly observed. We also 

examined every 1 mL fraction from the column, and only four diameters, 10, 120, 

180, and 320 nm of peptide nanotubes were observed by TEM. The separated peptide 

nanotubes in the diameter of 10 nm were used to fabricate the SCMNPs.  

Scheme 5.1 Procedure for the fabrication of Au nanoparticle chains on peptide 
tubes. 
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Figure 5.1. (a) Diameters of peptide nanotubes separated by a size exclusive 
column. Each fraction was in the volume of 6 mL and whole nanotube solution 

was 24 mL. (b) TEM image of peptide nanotube in the diameter of 10 nm 
(fraction 4). Scale bar = 50 nm. Inset: The magnified TEM image of peptide 

nanotube in the diameter of 10 nm. Scale bar= 30 nm. ( Gao & Nurxat) 

 

 
 

     To grow Au nanoparticles on the template nanotubes, the HRE peptides, 

purchased from GeneScript Corporation, were incubated in the nanotube solution for 

24 hours at room temperature.The coating of HRE peptide on the peptide nanotube 

was confirmed by Raman microscopy.150 Then the chloro(trimethylphosphino)gold 

was mixed in the peptide nanotube solution. After 72 hrs, those Au ions on the 

nanotubes were reduced by hydrazine hydrate (16 M) for 3 days. The growth of 

SCMNPs on the nanotubes was confirmed by color change of the solution to purple. 

The detailed information about peptide bolaamphiphile monomer synthesis, the 

experimental condition of peptide nanotube assembly, preparation of the size 

exclusion column, the nanotube-separation process, and the growth condition of 

SCMNPs on the peptide nanotubes were shown in the experimental section. Figure 

5.2 a shows TEM image of SCMNPs grown on the peptide nanotubes in the diameter 
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of 10 nm. In the magnified TEM image of SCMNPs in Figure 5.2 b, monodispersive 

Au nanoparticles in the diameter of 6 nm were aligned as a 1D single chain on the 

nanotube surfaces. The size of Au nanoparticles on the 10 nm-peptide nanotube was 

consistent with Au nanoparticles grown on larger peptide nanotubes in the diameter 

of 200 nm.148, 150 In the fraction 4 of peptide nanotubes, long peptide nanotubes in the 

length of > 1 μm were also observed in the small population of the sample. After the 

coating process of Au nanoparticles, those long nanotubes were also coated by Au 

nanoparticles to form long SCMNPs, as shown in Figure 5.2 c. Electron diffraction of 

the SCMNPs in Figure 5.2 a shows that (111), (200), (220), (311), and (331) faces of 

cubic Au crystal (Figure 5.2 d). It should be noted that polydisperse Au nanoparticles 

were grown on the nanotubes in much lower coverage without the single chain 

alignment when the Au ions were reduced on the nanotubes without the HRE peptide 

coating. 
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Figure 5.2. (a) 1D single chain of Au nanoparticles grown on peptide nanotubes 
in the diameter of 10 nm. Scale bar = 100 nm. (b) The magnified TEM image of 

single peptide nanotube coated by SCMNPs. Scale bar = 50 nm. (c) 1D single 
chain of Au nanoparticles grown on long peptide nanotubes Scale bar = 200 nm. 

(d) Electron diffraction of (a). (by Gao & Nurxat) 
 

 

 

 

5.4 Conclusion 

In conclusion, the straight 1D single chain of Au nanoparticles, whose diameter was 6 

nm, was synthesized on the template peptide nanotubes in the diameter of 10 nm. The 

HRE peptides on the nanotubes regulated the size, the monodispersity, the particle-
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toparticle distance and the high crystallinity of Au nanoparticles. The length of 1D 

single chain of Au nanoparticles could be extended in the order of a few μm on the 

long nanotube, which may be very useful for practical applications in single electron 

transistors, plasmon waveguides, and liquid-crystal displays (LCDs). 
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PART II         Biomimetic Assembly of Nanomaterials 
 

Chapter 6  

Biological Bottom-Up Assembly of Antibody Nano-tubes on 

Patterned Antigen Arrays132 

 

6.1 Introduction 

The bottom-up approach in nanofabrication has been studied extensively due to the 

potential to develop devices such as electronics, actuators, and sensors more 

efficiently and economically compared to existing technologies.133-135 
Application of 

biotechnology in nanofabrication also has an advantage to produce functional 

building-block materials that may not have synthetic counterparts in much milder 

experimental conditions, such as room temperature and ambient pressure.136 
Various 

building blocks have been developed for the biological bottom-up approach;17, 18, 137-

142 
however, it is necessary for these building blocks to be addressed to the exact 

locations with high precision and reproducibility to function in the nanometer-scale 

devices.133, 143, 144 
Recently, carbon nanotubes were assembled on regions coated with 

the polar chemical groups on large scale.
 145

 

Here we introduced a new type of building block, antibody nanotubes, and 

demonstrated anchoring them on complementary antigen arrays via antibody-antigen 

recognition. Biological recognition between the antibody nanotubes and the antigen 

arrays permitted recognition-driven assembly of ordered nanotube arrays. The array 
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of antigens was written by using the tip of an atomic force microscope (AFM) on 

alkylthiol self-assembled monolayer (SAM)-coated Au substrates via nanografting.146 

After antigens were immobilized onto the shaved regions of the alkylthiol SAMs with 

the AFM tip, antibody nanotubes, produced by incubating antibodies in template 

nanotube solutions, were selectively attached onto the antigen regions (Scheme 6.1). 

Scheme 6.1. Schematic diagram of the antibody nanotube assembly on the 
complementary antigen substrates via biological recognition. (a) Self-assembly of 

alkylthiol monolayers on Au substrates. (b) Shaving trenches on the alkylthiol 
SAM by using the AFM tip (nanoshaving). (c) Deposition of antigens in the 
shaved trenches (nanografting). (d) Location-specific immobilization of the 

antibody nanotube onto the complementary antigen regions via the biological 
recognition. 

  

 

 

6.2 Experimental 

A template nanotube self-assembled from bolaamphiphile peptide monomers in 

NaOH/citric acid solution via three-dimensional intermolecular hydrogen bonds28, 29 
has 

been demonstrated to im-mobilize various proteins and peptides on nanotube 

surfaces.27, 147-149 
This template nanotube immobilizes proteins and peptides at free 

amide sites on the nanotube sidewall via hydrogen bonding by means of simple 
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incubations, the detailed procedures of which were published previously.148, 150 
After 

those nanotubes were centrifuged and run through size-separation columns, a 1-mL 

solution of the resulting nanotubes (10 mM) with an average diameter of 100 nm were 

incubated with a 1-mL solution of goat anti-mouse IgG in a pH 7.2 phosphate buffer 

(50 µg/mL). After 48 h, the anti-mouse IgG was coated on the template nanotubes to 

form the antibody nanotubes. The anti-mouse IgG nanotubes were washed with 

Nanopure water and centrifuged twice to remove unbound anti-mouse IgG before 

mixing with the antigen-coated substrates.  

 

6.3  Results and Discussion 

The attachment of anti-mouse IgG on the nanotube was confirmed by fluorescence 

microscopy.  The 1 mL solution of the template nanotubes (10 mM) were incubated 

with a 1mL solution of the Alexa Fluor 546–labeled goat anti-mouse IgG in a pH 7.2 

phosphate buffer (50 μg/mL). After 48 hrs, the anti-mouse IgG was coated on the 

template nanotubes to form the antibody nanotubes in the fluorescence micrograph, as 

shown below (Figure 6.1). It should be noted that this nanotube sample was not 

centrifuged and run through size-separation columns because the nanotubes were 

necessary to be in the form of the bundle to be clearly observable by fluorescence 

microscopy. 
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Figure 6.1 Fluorescence micrograph of the Alexa Fluor 546–labeled anti-mouse 
IgG-coated nanotube. ( by Ipsita, Rob, and Nurxat)) 

 

 

 

The FITC-labeled anti-mouse IgG on the nanotube was confirmed to recognize and 

bind the mouse IgG in solution. The anti-mouse IgG nanotubes were incubated with a 1 

mL solution of the FITC–labeled mouse IgG in a pH 7.2 phosphate buffer (50 μg/mL). 

After 5 hrs, the FITC-labeled mouse IgG was coated on the anti-mouse IgG nanotubes 

in the fluorescence micrograph, as shown below(Figure 6.2). This result indicates that 

the anti-mouse IgG on the nanotube does not lose the recognition function and binds 

the mouse IgG. 
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Figure 6.2 Fluorescence micrograph of the anti-mouse IgG nanotube coated with 
the FITC-labeled mouse IgG. ( by Rob, Ipsita, & Nurxat) 

 

.  

 

 

     To observe the selective immobilization of antibody nanotubes on the mouse-IgG 

arrays, systematic AFM analyses for the resulting substrates were applied (Figure 6.3). 

After 1-octadecanethiol (0.01 mM) was self-assembled on Au substrates in 99% 

ethanol at room temperature for 24 h (Figure 6.3 a), a series of trenches (400 nm _ 4 

ím) were made by shaving the alkylthiol SAM with a Si3N4 tip (Veeco Metrology) of 

the AFM (Nanoscope IIIa and MultiMode microscope, Digital Instruments), as shown 

in Figure 6.3 b (left). These trenches were patterned by using a customized 

Nanoscript software (Veeco Metrology). The section analysis of the trenches in 

Figure 6.3 b (right) shows that the depth of all trenches (marked by black dotted lines) 

is 10 nm. The substrate was washed sequentially first with ethanol and then with 

hexane, but the alkylthiol molecules removed by the AFM tip were still partially piled 
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up and remained at the edges of trenches as shown in Figure 6.3 b (left). After the 

mouse IgG was incubated with the resulting substrates for 1 h at room temperature, 

the mouse IgG was deposited on the trenches via the thiol-Au interaction (Figure 6.3 

c (left)).151 The average height of trenches was observed to increase from -10 to +10 

nm after incubating the mouse IgG, indicating the deposition of mouse IgG in the 

trenches (Figure 6.3 c (right)).152 When the anti-mouse IgGcoated nanotubes were 

incubated in the buffer solution containing the mouse IgG-patterned substrate for 5 h, 

the antibody nanotubes were observed to attach to the mouse IgG regions (Figure 6.3 

d (left)) after washing the substrates with Nanopure water. The section analysis of this 

AFM image, Figure 6.3 d (right), also supports the biological recognition-driven 

nanotube immobilization by increasing the height from +0 to +100 nm, which is 

consistent with the diameter of template nanotube. Figure 6.3 e, the magnified AFM 

image of Figure 6.3 d, shows that the multiple antibody nanotubes in the diameter of 

100 nm were attached to the mouse IgG regions. The magnified AFM image of the 

anti-mouse IgG nanotubes in the height mode (inset in Figure 6.3 e) shows that the 

antibody nanotubes were aligned along the trench while elongated particles were also 

observed at the upper side of mouse IgG region. At this point, we are still 

investigating whether those particles are the aggregations of mouse IgG or the 

nanotube fragments. 
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Figure 6.3 AFM images of (a) alkylthiol SAMs on Au substrate; (b) the array of 
trenches shaved by the AFM tip (left), the section analysis of (b) along a blue 
dotted line in the image (right), scale bar ) 2 ím; (c) the array of trenches filled 
with mouse IgG (left), the section analysis of (c) along a blue dotted line in the 
image (right), scale bar ) 1 ím; (d) anti-mouse IgG-coated nanotubes 
immobilized on the mouse IgG-deposited regions (left), the section analysis of (d) 
along a blue dotted line in the image (right), scale bar ) 1 ím; (e) anti-mouse IgG-
coated nanotubes immobilized on the mouse IgG-deposited regions in a higher 
magnification (inset: in the height mode), scale bar ) 300 nm. The positions of 
trenches in the section analyses (b), (c), and (d), are shown by black dotted lines. 
( by Nurxat) 
 

 

 

 
To demonstrate that the assembly of antibody nanotubes is location-specific via 

biological recognition, the anti-mouse IgGcoated nanotubes were incubated on the 

substrate patterned with the human IgG instead of the mouse IgG. As shown in Figure 

6.4, no anti-mouse IgG-coated nanotubes attached to the human IgG regions patterned 

on the alkylthiol SAM/Au substrates via nanografting. This control experiment 

indicates the potential that multiple antibody nanotubes can be addressed onto patterned 

antigen regions respectively because the biological recognition and complexation of 

antibody nanotubes with complementary antigen SAMs are very specific, as observed 

in nature. 
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Figure 6.4 AFM image of the human IgG-deposited regions after the incubation 
of anti-mouse IgG-coated nanotubes. Scale bar )2 µm. No anti-mouse IgG 

nanotubes were observed to attach onto the human IgG regions. Inset: The 
section analysis along a blue dotted line in the image. The positions of trenches in 
the section analyses are shown by black dotted lines. (by Nurxat, Ipsita, & Rob) 

 

 
 
 
 

6.4  Conclusion 

In summary, we observed that the biological recognition between the antibody 

nanotubes and the antigen arrays organized the antibody nanotubes as the ordered 

arrays. This technique is very useful to fabricate advanced nanometer-scale devices 

with complex functionalities because multiple building blocks with a variety of protein 

functions can be addressed to specific locations on substrates respectively in a simple 

process. 
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Chapter 7 

Crossbar Assembly of Antibody-functionalized Peptide nano-tubes 

via Biomimetic molecular recognition153 

 

7.1 Introduction 

     It is widely accepted that conventional top-down methods such as photolithography 

is about to hit the limit for further reduction of the patterning scale of electric 

components. The further miniaturization is necessary to pursue microelectronics with 

the increased speed and the complexity of device designs. Since various nanotubes and 

nanowires have been developed to possess superior and distinguished physical 

properties in last decade, it is natural to seek for new bottom-up technologies to 

assemble these superior nanoscale building blocks into the device configuration.  

However, addressing nanowires at precise locations for the interconnection between 

electrodes is a serious obstacle to overcome in the bottom-up fabrication. Recently, 

various nanowires and nanotubes have been assembled on substrates by electric fields, 

microfluidics, drying effect controlled by surface topology, direct mechanical transfer, 

and assembly on blown bubble films.154-163 These techniques demonstrated that a large 

scale assembly of nanowires in a parallel array configuration is possible, and one type 

of nanowire could interconnect two electrodes in the high wire density.      

     However, to assemble nanowires into practical logic gate configurations in 

integrated circuits, we need more than the parallel assembly of nanowires. For example, 

when the assembling nanowires are monopolar semiconductors, logic gates such as 

AND, OR, and NOR are necessary to be assembled from two types of semiconducting 
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nanowires, n-type and p-type, and some of these nanowires must cross perpendicularly 

to form a crossbar geometry for the logical operation.158  In general, this non-parallel 

assembly of nanowires is extremely difficult and there were only a few examples to 

demonstrate the crossbar assembly in the bottom-up approach. For example, the 

crossbar assembly of nanowires could be achieved by microfluidics in two step; after 

the first array of nanowires was aligned in one direction, the second array of nanowires 

was assembled perpendicularly by changing the flowing direction.164 Some of 

nanowires can be crossed by the two-step fluidic method with no control of the crossing 

point of the nanowires, however it cannot fabricate more complex geometry necessary 

for realistic logic gates. For example, how can we align three nanowires parallel in 

vertical direction and let one nanowire intercept these three nanowires at the middle 

point in horizontal direction when the type of these vertical nanowires is different from 

the type of the horizontal nanowire? One of smart ways to achieve this complex 

crossbar assembly is to let nanowires recognize binding locations and directions and 

assemble them in a programmed manner in one step. By this way, right nanowire 

elements can attach and interconnect desired electrodes to fabricate complex electric 

circuits. 

     Previously carbon nanotubes were aligned in a parallel array using a simple 

molecular interaction, hydrophobic interaction in the single step. This recognition-

driven assembly method immobilized carbon nanotubes parallel in a large scale, 

however this method may not be suitable to assemble multiple types of nanotubes 

simultaneously in different directions due to the lack of complex recognition function. 

Therefore, we need to apply molecular recognitions with more specificity to assemble 
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nanowires in complex geometries. Recently, DNAs were applied to the building blocks 

with their recognition functions165, 166 and they successfully interconnected two 

electrodes.167 In theory, the base-pairing of DNA oligonucleotides can be used as a 

driving force to locate DNAs as nanowires at well-defined positions,168 however the 

cross-bar alignment of DNAs has not been reported, which may be due to the cross-

reactivity, the rigidity, and the straightness of DNAs. On the other hand, in nature smart 

recognition functions of proteins routinely address the biological nanomaterials to exact 

locations in cells with the high specificity,169, 170 and therefore antibody is a better 

candidate to fulfill this task. Recently, we applied the antibody-antigen recognition 

function to assembly antibody-functionalized peptide nanotubes at targeted locations on 

substrates in parallel arrays where their complementary proteins were patterned.132 In 

our system, very rigid and straight peptide nanotubes were self-assembled from peptide 

monomers via three-dimensional hydrogen bonds, and antibodies binding at amides on 

the surfaces of nanotubes147, 171 could anchor them onto the antigen-patterned areas for 

their targeted placement on substrates. This fabrication method could also be applied to 

assemble two types of antibody nanotubes in different rows of parallel arrays 

respectively where the corresponding antigens were patterned, due to their highly-

specific molecular recognition. 172 

     While multiple nanotubes could be placed in different positions by the antibody-

antigen recognitions in parallel arrays by this biomimetic assembly method, the 

crossbar assembly of peptide nanotubes has not been accomplished yet. In this report, 

we applied the antibody-antigen recognition to assemble two types of peptide 

nanotubes in the cross-bar geometry. Assembling one type of antibody nanotube in 
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horizontal and the other in vertical directions is very difficult to achieve in one step, 

however their molecular recognition toward antigens and patterned grooves on the 

substrate aligned them crossing perpendicularly. The peptide nanotubes were 

demonstrated to be smart electric functional nanomaterials since their electric 

properties could be tunable by controlled metal/semiconductor coatings on mineralizing 

peptides of the nanotubes,173 and therefore the targeted assembly of these peptide 

nanotubes will enable one to produce complex electric circuits from the biomimetic 

bottom-up technique.     

7.2 Experimental 

7.2.1 Materials 

α-hydroxy ω-thiol terminated polyethylene oxide (thiol-PEG, Mw 650) was 

purchased from Polymer Source Inc. Human IgG, anti-human IgG, mouse IgG, anti-

mouse IgG,  bovine serum albumin(BSA), N-hydroxysuccinimide (NHS), N-ethyl-

N’-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDAC), and 11-

mercaptoundecanoic acid (MUA) were purchased from Sigma-Aldrich. All chemicals 

were used as received. Gold CD was purchased from Delkin Company. Si3N4 AFM 

tips (NSC15/Si3N4/Al BS) were purchased from MikroMasch. 

7.2.2  3D assembly of peptide nanotubes on patterned gold substrate 

Peptide nanotubes were self-assembled from bis(N-α-amido-glycylglycine)-1,7-

heptane dicarboxylate with the previously published method.28 In this experiment, the 

nanotubes in the diameter of 100 nm were used after they were extracted by the size-

separation column.174 A groove-patterned Au substrate was obtained by removing the 

polycarbonate layer covered on commercial Au compact disk (CD) (Delkin). To 

remove this layer, concentrated nitric acid (12M) was dropped on the backside of Au 

CD. Five minutes later, the Au substrate was rinsed with deionized water thoroughly 

and dried in N2 atmosphere to complete the cleaning process. To coat the Au substrate 

with the protective layer, this Au substrate was immersed in thiol-PEG/ethanol 

solution (1mg/mL) at room temperature for 24 hrs for the formation of the self-
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assembled monolayer (SAM) of PEG. The thiol-PEG SAM was used as the protective 

layer because it has the strong resistance for non-specific protein binding.175, 176 Then 

the line was shaved on the PEG SAM in the groove by a Si3N4 tip of AFM (MFP 3D, 

Asylum research) and the dimension of line was designed by the MFP 3D 

nanolithography software. The resulting substrate was immersed in MUA/ethanol 

solution (1mg/mL) for overnight at room temperature to attach MUA molecules onto 

the shaved line via thiol-Au interaction. After rinsed with ethanol and dried the 

resulting substrate was incubated in the aqueous solution of NHS (25mg/mL) and 

EDAC (25mg/mL) for 30 min.177 Then the substrate was rinsed with deionized water 

thoroughly and immersed with human-IgG in pH 7.4 PBS buffer solution (1mg/mL) 

for 12 h at 4 ˚C.  Human-IgG was bound on the shaved line covalently via the 

condensation reaction between amino group of IgG and carboxylic group of MUA on 

the substrate. After the IgG-patterned substrate was rinsed with nanopore water and 

dried in N2 atmosphere, the anti-human IgG-coated nanotubes was incubated in the 

pH 8 buffer solution containing the resulting substrate for 24 h at 4 ˚C. Next, we 

shaved the line in y-direction on the top level of the Au substrate by the AFM tip to 

cross the second nanotube perpendicularly on the first anti-human IgG nanotube. 

Mouse IgG was deposited on the newly shaved line covalently by the same method 

we patterned the human IgG line. The resulting substrate was rinsed with nanopore 

water thoroughly. When the anti-mouse IgG-coated nanotube was incubated in the pH 

8 buffer solution containing the resulting substrate for 24 h at 4 ˚C, the anti-mouse 

IgG nanotube attached on the mouse IgG line on the top level of Au substrate to 

complete the crossbar fabrication from these nanotubes. This fabrication procedure is 

summarized in Scheme 7.1. 
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Scheme 7.1 The schematic representation of biological assembly of antibody-coated 
bionanotubes into the crossbar configuration. 
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7.3  Results and discussion 

In this work, we used peptide nanotubes as templates to decorate them with selected 

antibodies. These peptide nanotubes were self-assembled from the peptide monomer, 

bis(N-α-amido-glycylglycine)-1,7-heptane dicarboxylate, by three-dimensional 

hydrogen bonds between amide and carbonyl groups, and amides on the surfaces of 

nanotubes that do not be involved in the tube formation could bind antibodies to 

produce antibody nanotubes by using these peptide nanotubes as scaffolds. This 

antibody functionalization on the nanotube surfaces allowed the biomolecular-

recognition-driven nanotube alignment on the antigen-patterned substrate as shown in 

Scheme 7.1. In this experiment, we used the peptide nanotubes in the diameter of 100 

nm, extracted by size separation column.  

To assemble these nanotubes into the crossbar geometry, we applied substrates that 

have grooves, as shown in Figure 7.1. As shown in Scheme 7.1, one type of nanotube 

was attached at the bottom of the groove in the horizontal direction while the other type 

of nanotube was placed on the top level of the substrate in the vertical direction via 

molecular recognition (Scheme 6.1). The gap of created by the groove gave special 

clearance for these nanotubes to cross each other. For this crossbar assembly of 

nanotubes, a commercial Au CD disk was used as the groove-patterned substrate. 

Figure 7.1A shows AFM image of the gold substrate (Delkin), and the darker areas and 

brighter areas correspond to the grooves and the top level of the CD substrate, 

respectively. From its sectional analysis (Figure 7.1B) the width of the groove is 600 

nm and the depth of concave is 120 nm. This depth is large enough to accommodate the 

anti-human IgG-coated nanotube in the diameter of 100 nm inside the groove.  
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In order to immobilize the anti-human IgG nanotube in the groove, we patterned human 

IgG on the bottom of the groove by nanolithography.146 The patterning of the antigen 

was achieved by two step; shaving protective layer, thiol-PEG SAMs, on Au substrate 

with the Si3N4 tip of AFM to expose Au surfaces and then attaching the antigen on the 

shaved area covalently via the amine (antigen) – carboxylic acid (MUA) conjugation. 

Figure 7.2A shows the AFM image of the shaved substrate. The fainted line appeared 

in a darker contrast in the middle of each groove is the shaved line, however these lines 

could not clearly imaged due to the fine dimension of the line; the depth and the width 

of the line is about 5 nm and 60 nm, respectively. After MUA was attached on the 

shaved areas via thiol-Au interaction and then human IgG was covalently immobilized 

with MUA via the NHS-EDAC coupling reaction, the originally darkened lines in 

Figure 7.2A turned to much brighter lines in the grooves as seen in Figure 7.2B. The 

sectional analysis of these lines before and after the IgG incubation further confirmed 

that the immobilization of human IgG in the groove was successful; Figure 7.2C 

showed that the height of the line on the groove is - 5 nm, however it is increased to + 

10 nm after the immobilization of human IgG, as shown in Figure 7.2D.   

 When anti-human IgG-coated nanotubes were incubated on the human IgG-patterned 

Au substrate in solution, these antibody nanotubes selectively attached onto the human-

IgG-patterned areas on the Au substrates (Figure 7.3A). This selective attachment on 

the antigen areas indicates that this nanotube assembly is driven by the antibody-

antigen interaction. Next, in order to assemble the anti-mouse IgG-coated nanotube 

perpendicularly to the anti-human IgG nanotube on the Au substrate, we shaved a new 

line of mouse IgG along y direction on the top level of the substrate (black arrows in 
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Figure 7.3B). Here, we applied the same method used for the patterning of the human 

IgG line; first the MUA immobilization on the shaved areas and the covalent 

attachment of mouse IgG on the MUA lines via the NHS-EDAC coupling reaction. 

After MUA was attached on the shaved areas via thiol-Au interaction and then mouse 

IgG was covalently immobilized with MUA, the much brighter lines of the mouse IgG 

appeared on the top level of Au substrate in AFM image in Figure 7.3C. The section 

analysis of this mouse IgG line (Figure 7.3D) shows that the height of this line is 

consistent with the height of the human IgG line in the groove. Finally, when the anti-

mouse IgG-coated nanotube was incubated on the resulting substrate in the solution for 

one day, this nanotube was attached on the mouse IgG line and this attachment 

completed forming the crossbar configuration of the nanotubes, as shown in Figure 

7.3E. Here we fabricated the crossbar geometry of nanotubes in the two-step process 

since by that way we could clearly show that two antibody nanotubes could be placed 

in different locations and directions in a controlled manner; the anti-human IgG 

nanotube was aligned along the groove direction and the anti-mouse IgG nanotube was 

immobilized perpendicular to the groove direction. However, it is totally feasible to 

attach both anti-human and anti-mouse IgG-coated nanotubes simultaneously in one 

step on the Au substrate where the human IgG line and the mouse IgG line are already 

patterned by nanolithography before the nanotube immobilization. 

It should be noted that the yield of the nanotube attachment along the groove direction 

was almost 100 %, however only around 20% trenches that are perpendicular to groove 

is anchored by antibody modified nanotubes. Recently, there were reports showing that 

the capillary force could have a significant effect to drive nanowires aligning parallel to 
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the groove direction.160, 178 In the case of our nanotube alignment, the nanotube needs to 

resist against this capillary force to be immobilized perpendicular to the groove. While 

this capillary force likely diminishes the yield of the perpendicular attachment of the 

nanotube, 20 % of the nanotubes should not be immobilized in the direction normal to 

the groove without the antibody-antigen interaction. In other words, the antibody-

antigen interaction could drive the nanotube to align against the capillary force. If the 

stronger molecular recognition such as the avidin-biotin system is applied for the 

perpendicular alignment of the nanotube, the yield of the perpendicular attachment 

could be increased drastically.  

 
 

Figure 7.1 (A) AFM image of the bare Au substrate with grooves. (B) The 
sectional analysis at a white line drawn in (A). ( Linglu & Nurxat) 
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Figure 7.2 (A) AFM image of the Au substrate where the trench was shaved by 
AFM tips in the groove. (B) AFM image of the Au substrate where human-IgG 
was immobilized in the trench. (C) The sectional analysis at a white line drawn 
in (A). (D) The sectional analysis at a white line drawn in (B). ( by Linglu & 
Nurxat) 
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Figure 7.3. (A) AFM image of the anti-human IgG nanotube attached on the 
human-IgG line on Au substrate. (B) AFM image of the Au substrate (A) where 
the trench was shaved by AFM tips perpendicular to the groove. Black arrows 
show the position of the shaved line. (C) AFM image of the Au substrate (B) 
where mouse-IgG was immobilized in the trench. (D) The sectional analysis at a 
white line drawn in (C). (E) AFM image of the Au substrate (D) where the anti-
mouse IgG nanotube attached on the mouse-IgG line. ( by Linglu & Nurxat) 
 

 

 

7.4 Conclusion 

Antibody-antigen molecular recognitions enabled two types of antibody-functionalized 

bionanotubes to place them onto specific locations on substrates, where their 

complementary antigens were patterned. When two rectangular pads of antigens, 

human IgG and mouse IgG, were patterned perpendicularly on a Au substrate by 

nanolithography and then the anti-human IgG nanotube and the anti-mouse IgG 

nanotube  were incubated on the Au substrate in solution, these bionanotubes were 
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attached onto corresponding locations to form the crossbar configuration. This 

biomimetic bottom-up fabrication method is robust and practical, and the crossbar 

assembly can be expanded to more complex logic gates such as AND, NOR, and OR 

by integrating multiple crossbared nanotubes.  
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Chapter 8 

Self-Assembly of Au nano-particle containing peptide nano-rings on 

Surface203 

 

8.1  Introduction 

     Recent improved two-dimensional and three-dimensional nanofabrication 

techniques allow one to build precisely designed structures in nanoscale for various 

photonic applications.204-206 While the top–down approach has been applied for 

photonic crystal fabrications, the bottom–up approach via self-assembly of photonic 

nano-building blocks is also showing promising outcomes.184, 207-214 For the bottom–

up approach for the optics fabrications, synthesis of photonic nanomaterials and their 

alignments need to be accomplished efficiently and precisely. Biomineralization 

process, where peptides or proteins are utilized to mineralize metals and 

semiconductors, has been shown to produce various types of nanocrystals.19, 20, 22, 23, 

173, 215-222 Since the amino acid sequences are very sensitive to elements for their 

mineralization, optimized peptide sequences can produce nanocrystals efficiently.150 

In addition to the effective crystal growth, the amino acid sequences of mineralizing 

peptides could also influence the size, the alignment, and the shape of resulting 

nanocrystals.17, 18, 27, 149 Further more, in some cases, peptides could mineralize 

nanocrystals in solution at room temperature that do not grow under the ambient 

condition.136, 223 Because the size, the alignment, the shape, and the crystalline 

structure of photonic nanocrystals control optical properties of those assembled 

nanocrystals, the tunabilities of these features and the potential of new material 
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synthesis by using peptides will provide a significant advantage to apply peptides for 

photonic material syntheses. The one of smart approaches to create photonic materials 

by using mineralizing peptides is to pattern these peptides on surfaces based on 

photonic device designs and grow photonic crystals on the patterned peptides. For 

example, a hologram was applied to pattern silica-mineralizing peptides as an array 

and resulting silica nanostructures exhibited a nearly fifty-fold increase in diffraction 

efficiency over a comparable polymer hologram.216 Recently, microfluidics and 

lithography were also used to pattern silica- and silver-mineralizing peptides for 

photonic applications.17, 224 

     In this report, we assembled ring-shaped peptide nanostructures as an array on 

surfaces. Previously, we developed the ring-shaped peptide nanostructures by self-

assembling a peptide monomer, bis(N-a-amidoglycylglycine)- 1,7-heptane 

dicarboxylate and an organic Au precursor, trimethylphosphinegold chloride 

(AuPMe3Cl) in solution.30 After reduction of Au ions trapped inside the cavities of 

nano-rings, the peptide nano-rings could template Au nanoparticles. In this report, 

after Au nanoparticleswere grown inside the cavities of the peptide nano-rings, these 

nano-rings containing Au nanoparticles were aligned on the chemically 

functionalized arrays patterned by nanolithography (Scheme 8.1). Since these peptide 

nano-ringswere self-assembled in a closely packed manner along the array of those 

dithiolated self-assembled monolayers (SAMs), these Au nanoparticles were 

positioned in the equal spacing on each line without touching each other as the 

peptide nano-rings functioned as spacers. This type of alignment of nanomaterials 

with spacers can be very useful for improved photonic crystal designs. 
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Scheme 8.1  Illustration of Au nanoparticle-containing peptide nano-ring 
assembly on the patterned Au substrate. 

 

 

 

8.2 EXPERIMENTAL  

8.2.1 Materials  

Bis(N-a-amido-glycylglycine)-1,7-heptane dicarboxy-late was synthesized and 

recrystallized in our lab by the published manner.28, 29 1-Ethyl-3-[3-(dimethyl-

amino)propyl]carbodiimide hydrochloride (EDAC), N-hydroxysuccinimide(NHS),2-

mercaptoethylamine, trimethylphosphinegold chloride, 16-mercaptohexa-decanoic acid 

and octadecanothiol from Aldrich. Annealed gold substrates from Molecular Imaging. 

Aseriesoftrenches(100 nm 1 mm) were made by shaving the alkylthiol SAM with a 

Si3N4 tip (Veeco Metrology) of the AFM (Nanoscope IIIa and MultiMode microscope, 
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Digital Instruments). Thesetrenchesweremadeby customized Nanoscript software 

(VeecoMetrology). Formvar Film 200 Mesh Cu TEM grids were obtained from 

Electron Microscopy Sciences. UV-Lamp (14 mW/cm
2
, 254 nm).  

8.2.2 Preparation of Peptide Nano-rings  

After peptide monomer of bis(N-a-amido-glycyl-glycine)-1,7-heptane dicarboxylate, 

0.028 g, was dis-solved in 10 mL of water and the pH of this solution was adjusted to 

5.5 with citric acid, an excess amount of an organic Au precursor, 

trimethylphosphinegold chloride (AuPMe3Cl) was added to this solution. After 5 days 

in the dark, the peptide nano-rings were observed in an outer diameter of 50 nm and an 

inner diameter of 15 nm. The nano-ring solution was washed with deionized water and 

centrifuged at 14.5 krpm, and then Au ions trapped inside the peptide nano-rings were 

reduced by a UV light (14 mW/cm
2
, 254 nm) for 20 min. The resulting Au 

nanoparticles were observed to be about 15 nm in an average diameter from AFM 

images.  

8.2.3 Nanolithography on Au Substrates  

     In order to pattern the peptide nano-rings containing Au nanoparticles in their 

cavities as an array on Au substrates, an array of dithiolated SAMs was patterned by a 

cantilever of an atomic force microscope (AFM) with the following sequence. First, 1-

octadecanethiol (0.01 mM) was self-assembled on Au substrates in 99% ethanol at 

room temperature for 12 h. Then, an array of trenches (100nm 1 mm) was created by 

removing the alkylthiol SAMs by the tip of AFM via nanolitho-graphy technique132, 146, 

172, 225. On these trenches where Au surfaces were exposed, 16-mercaptohexa-decanoic 

acid (0.01 mM) was self-assembled for overnight. After the resulting substrates were 
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washed by deionized water, the end groups of the SAMs on trenches were 

functionalized by thiol via substituting carboxylic acid groups with thiol groups as 

shown in Scheme 8.2. In Scheme 8.2, 400 mL of ethyl-3-[3-

(dimethylamino)propyl]carbodiimide (EDAC, 75 mM) and 400 mLof N-hydroxy 

succinimide (NHS, 15 mM) were immersed in aqueous solution containing the 

functionalized Au substrates for 30 min. Then, as shown in the step 3 in Scheme 1, 800 

mL of 2-mercaptoethylamine (15 mM,) was incubated in the solution for 24 hrs to 

modify the ends groups of the SAMs in trenches to thiol groups.  

 

8.2.4 Self-assembly of Au Nanoparticle-containing Peptide Nano-rings 

on Surfaces  

When the peptide nano-rings containing Au nano-particles in their cavities were mixed 

with the dithiolated SAM-patterned surfaces in aqueous solution for 8 hrs, the nano-

rings were self-assembled on the trenches with the thiol-Au interaction. After these 

substrates were washed with deionized water, the attachment of the peptide nano-rings 

on the arrayed trenches was confirmed by AFM. While the height mode of AFM 

imaging was used to probe the topology of the nano-ring assembly, the phase mode of 

AFM imaging was applied to probe the location of Au nanoparticles since the 

distinguished hardness of surfaces between Au nanoparticles and peptide nano-rings 

allows us to image them respectively in the trenches.  

We also assembled the peptide nano-rings contain-ing Au nanoparticles on TEM grids 

by spin-coating to examine whether the nano-rings can be packed on surfaces without 

distraction. To obtain smooth surfaces of TEM grids, these grids were fixed on the top 
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of mica substrates, which were also attached on AFM metal pucks. After the Au 

nanoparticle-contain-ing peptide rings were spin-coated on the TEM grids, the resulting 

coatings were examined by AFM.  

 

8.3 RESULTS AND DISCUSSION 

When the peptide monomers were self-assembled in the presence of the water-insoluble 

trimethylphosphinegold chloride (AuPMe3Cl) for 5 days in the dark, the ring-shaped 

peptide assemblies were observed in solution. The average outer diameter of nano-ring 

was 50nm and the average inner diameter was 15nm.30 Our previous spectroscopic 

investigation showed that these peptide nano-rings were self-assembled from the 

peptide monomers and the organic Au salts by chelating Au with amide groups of the 

peptide monomers. After UV light was irradiated to the nano-ring solution for 20 min 

Au nanoparticles were grown inside the cavities of nano-rings, however the organic Au 

salts, trapped inside the cavities, were reduced to grow Au nanoparticles in the middle 

of nano-rings.30, 148 In a TEM image of the nano-ring after reduction of Au ions, the Au 

nanoparticle appeared darker at the center of the nano-ring (Figure 8.1a). These 

particles in the cavities were also confirmed as Au nanoparticles by electron diffraction 

before their surface assembly on the dithiol SAMs. When the peptide nano-rings were 

previously synthesized, they were observed to be stable in solution30  however these 

nano-rings have not been assembled on surfaces. Therefore, it was necessary to 

examine their stability via the simplesurface-assembly. Before fabricating the structure 

shown in Scheme 8.1, we examined whether the Au nanoparticle-containing peptide 

nano-rings are rigid enough to be self-assembled on surfaces by spincoating them on 
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TEM grids. A height image of AFM in Figure 8.1 b confirms that the nano-rings were 

deposited 

FIGURE 8.1 (a) TEM image of the peptide nano-ring containing a Au 
nanoparticle inside the cavity, scale bar 

 
50 nm. (b) AFM image of spin-coated 

peptide nano-rings containing Au nanoparticles in their cavities on TEM grids in 
height mode, scale bar 

 
80 nm (c) AFM image of spin-coated peptide nano-rings 

containing Au nanoparticles in their cavities on TEM grids in phase mode, scale 
bar 80nm (d) the phase AFM phase image in high magnification, scale bar 

 
40nm. 

( by Nurxat & Jacopo) 

 

 
 

on a TEM grid. This figure imaged the assembly of the nano-rings on the surface, but 

the Au nanoparticles inside the nano-rings could not be resolved in this AFM height 

image. However, when this assembly was imaged by the phase mode of AFM as shown 

in Figure 8.1c, the Au nanoparticles were observed as a brighter contrast inside the 

nano-rings because harder surfaces of Au nanoparticles appeared brighter than softer 

surfaces of the outer peptide nano-rings. In the magnified phase image of Figure 8.1d, 

these Au nanoparticles were not exactly located at the center of the nano-rings, which 

may be due to the deformation of the nano-ring shape via spin-coating and the multiple 

orientations of the nano-rings on TEM grids. Since the peptide nano-rings were stable 

enough to be assembled on TEM grids via spin-coating, we examined the targeted 
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self-assembly of the peptide nano-rings on the functionalized surfaces. The 

functionalized array of dithiol SAMs was patterned by three steps. First, alkyl SAMs 

were deposited on a Au substrateandthearraywaspatternedbyremoving the alkyl 

SAMs with the AFM cantilever. Then, mercaptohexadecanoic acid was assembled on 

the curved array where Au surfaces were exposed. The carboxylic groups on the top 

of these SAMsontrenches were substituted by thiol groups, as shown in Scheme 8.2. 

SCHEME 8.2 Fabrication of dithiol SAMs on patterned Au substrates. 
 

 

 

 To align the peptide nano-rings containing Au nanoparticles on the dithiol SAM array 

patterned on a Au substrate as shown in Scheme 8.1, these nano-rings were incubated 

with this substrate in solution for 8 h. Because the end groups of the SAMs on the 

trenches were functionalized by thiol (Scheme 8.2), this incu-bation process allowed 

the nano-rings to self-assemble onto these trenches with the thiol-Au interaction, as 
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shown in Figure 8.2. Figure 8.2 a is the AFM image of the patterned substrate in the 

height mode after the nano-rings were incubated in the substrate-containing solution. 

The peptide nano-rings were closely packed to form the array of continuous lines along 

the trenches  

FIGURE 8.2 AFM images of Au nanoparticle-containing peptide nano-rings 
assembled on the dithiol SAM-patterned in (a) height mode, scale bar 

 
300 nm 

(b) phase mode, scale bar 
 
300nm (c) height mode in high magnification, scale 

bar 
 
50 nm, (d) phase mode in high magnification, scale bar 

 
50nm. ( by Nurxat, 

Jacopo, Kai, & Amit) 
 

 

 

 

In Figure 8.2 a. As seen in the height mode AFM image of the spin-coated samples in 

Figure 8.1b, the individual Au nanoparticle inside the nano-ring could not be identified 

in Figure 8.2 a due to their small height  difference between the peptide nano-ring and 

the Au nanoparticle. However, when the phase mode of AFM was applied to image this 

substrate, the deposited spheres on the trenches looked less continuous in Figure 8.2b 

since the brighter spheres in this phase image are more likely Au nanoparticles due to 
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their surface hardness as compared to the one for the peptide nano-rings. While these 

AFM images in the phase mode in low resolution do not explicitly show the discrete 

positioning of Au nanoparticles inside the nano-rings aligned on the trenches as shown 

in scheme 8.1, the high-resolution image of the single trench containing the peptide 

nano-rings in the phase mode assisted visualizing the peptide nano-ring alignment more 

clearly. When the single trench was imaged with the height mode image in high-

resolution (Figure 8.2 c), still only continuous packing of the nano-rings was 

observable as a line along the trench and the discrete Au nanoparticles could not 

resolve. But when the single trench was imaged in the phase mode in high-resolution, 

the discrete alignment of Au nanoparticles was observed, as shown in Figure 8.2 d. In 

this high-resolution image, the harder Au nano-particles appeared to be brighter and the 

spacing between these nanoparticles was visible. The most of Au nanoparticles in 

Figure 8.2d were self-assembled discretely without touching each other due to the 

spacing of the peptide nano-rings (scheme 8.1). The darker nano-ring contrast around 

the Au nanoparticle, observed in the spin-coated sample in Figure 7.1b, was not 

observed clearly in Figure 8.2 d, however this phase contrast difference between the 

spin-coated nano-rings and the self-assembled nano-rings may be caused by their 

topological difference. For the spin-coated sample the nano-rings were forced to pack 

closely by the external force on very smooth and flat TEM grids, and the resulting 

nano-ring monolayer also  became relatively flat. Therefore, the detailed structure of 

nano-rings and Au nanoparticles was resolved in the AFM image of the spin-coated 

nano-ring sample due to the flatness of the coating. However, for the self-assembled 

sample, the nano-rings were self-assembled on rough surfaces consisting of alkyl 
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SAMS and dithiol SAMs in different heights. The trenches were also not flat because 

the AFM cantilever could not shave alkyl SAMs smoothly and it further scraped the Au 

substrate partially. Shaved SAMs and Au substrate were piled at the edges of trenches, 

which also increased the roughness of the substrate. Since all different heights of SAMs, 

trenches, and edges contributed unevenness of the surface topology, the AFM 

resolution in the phase image on this self-assembled sample was degraded due to its 

surface roughness and it prevented to map the locations of the nano-rings and Au 

nanoparticles in the phase image.  

When the neat Au nanoparticles without the peptide nano-rings were assembled on the 

same dithiol-functionalized trenches, those Au nanoparticles were aligned as 

continuous lines without spacing in their phase AFM image. This observation supports 

that the Au nanoparticles observed in Figure 8.2 d were separated by the peptide nano-

rings otherwise the spacing between Au nanoparticles should not be imaged. It should 

be noted that some of these nanoparticles seem to contact each other in Figure 8.2 d due 

to the deformation of the nano-rings during the self-assembly, which was also observed 

in the spin-coated sample in Figure 8.1.  

8.4 CONCLUSION  

The peptide nano-rings containing Au nanoparticles inside their cavities were aligned 

on dithiol SAMs patternedasanarraybyAFM-basednanolithography. The peptide nano-

rings were self-assembled as lines on these SAMs, and Au nanoparticles inside the 

nano-rings also formed lines with the spacing between these nanoparticles as the 

peptide nano-rings functioned as spacers. This type of fabrication will provide 

improved tunability in their optical properties of resulting nanoparticle-assembled 
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arrays. In addition, optimization of the inter-particle distance of nanoparticles in the 

array with various spacers may allow one to design new types of photonics with desired 

optical properties. However, for those optical applications, the stability and the rigidity 

of the nano-rings will be more desirable to be improved since some of the nano-rings 

were deformed during the self-assembly and this deformation caused the uneven 

spacing of the nanoparticles on the array. For realistic photonic applications, the 

nanoparticle assembly needs to be accomplished without deformation because they 

require the perfect alignment of nanoparticles with minimum defects. The additions of 

hydrogen-bonding functional groups or polymerizing groups to the monomer may 

increase the rigidity of the nano-rings, which may help overcome this problem.  
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Chapter 9 

Study of Au Nanoparticle Growth on the Au Mineralizing Peptide 

Patterns drawn by AFM- Nanolithography 

 

9.1 Introduction 

 

        Superior and distinguished physical properties of nanomaterials such as nano-

tubes and nano-wires have been widely exploited in last decade, however assembly of 

the device configuration using these superior nano-scale building blocks is currently 

challenging154, 156-159. Bottom-up methods have been extensively explored to fabricate 

nano- scale devices in electronics, optics, actuators, and sensors135, 184, 226, 227. For the 

bottom–up approach for the optics fabrications and addressing nano-wires at precise 

locations for the interconnection between electrodes, synthesis of the nano-material 

building blocks  and their alignments need to be accomplished efficiently and 

precisely.  

        Various types of nano-crystals have been synthesized by biomineralization 

process, where peptides or proteins are utilized to mineralize metals and 

semiconductors19, 22, 215, 216. The amino acid sequences of mineralizing peptides could 

also influence the size, the alignment, and the shape of resulting nanocrystals17, 18, 149. 

In certain condition, peptides could produce unusual crystalline structure in solution 

at room temperature that do not grow at ambient condition43, 55, 228. Since the size, the 

alignment, the shape, and the crystalline structure of  nano-crystals could tune optical 

and electrical properties of those assembled nano-crystals, the synthesis and assembly 
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of new materials using biomineralizing peptides will provide a significant route to 

fabricate the new device.  

       In our previous work, in order to fabricate electronic circuits, we used the 

bionano-technology approach to create nanometer-scale electronic circuit geometries 

by anchoring peptide nanotubes132, 153, 171, 229, whose ends were functionalized by 

“linking proteins” on the complementary receptor-placed areas of the substrate. The 

electronic properties of the circuit can be tuned by controlling size and packing 

density of particles on the sidewall of tube, which was coated with “mineralizing 

peptides”150, 174. The tubes, in which the sidewalls of tube were coated with metal or 

semi conductor nano-particles and the ends of tube were coated with “linking 

proteins”, are designated to make logic gate geometries. In addition, we assembled 

these ring-shaped peptide nanostructures 203as arrays on surfaces using SPM-based 

nanolithography. The tunable spacing between the nano-crystals was adjusted by the 

controlling the dimension of the peptide nano-rings and functioned as photonic 

spacers. The novel fabrication methodology provided a feasible approach to control 

the photonic properties of resulting nano-partisqcle arrays. 

     To in situ fabricate tunable and aligned nano-particles on the surfaces for nano-

devices, the biomineralization process was applied in the SPM based nanolithography 

bottom–up approach. The mineralizing peptides were firstly patterned on to the 

surface combining with bioresistive spacers. Corresponding peptides were used to 

implement the requirement of materials in device. Parameters including pH of 

solution, spacer, and the nature of peptides were monitored to control the size, inter-

particle distance, and shape of nano-particle arrays. 
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9.2 EXPERIMENTAL  

9.2.1  Materials  

 1-Ethyl-3-[3-(dimethyl-amino)propyl]carbodiimide hydrochloride (EDAC), N-

hydroxysuccinimide(NHS),2-mercaptoethylamine, trimethylphosphinegold chloride, 

16-mercaptohexa-decanoic acid (MHA) and octadecanethiol from Aldrich. Annealed 

gold substrates from Molecular Imaging. Silicon substrate from Virginia 

Semiconductor, Inc. Si3N4 AFM tips (NSC15/Si3N4/Al BS) were purchased from 

MikroMasch.  

 

9.2.2 Nanolithography on Au Substrates 

    In order to pattern  Au nanoparticles  as an array on Au substrates, an array of HRE 

peptide was patterned by a cantilever of an atomic force microscope (AFM) with the 

following sequence. First, SHC11H22 (CH2CH2O) 3OH (1 mM, 2 ml) was self-

assembled on Au substrates in 99% ethanol at room temperature for 12 h. Before the 

substrate was removed, a 5-10 fold excess volume of ethanol was added. The substrate 

was grasped with clean forceps and removed quickly from the solution to minimize the 

formation of a langmuir film of compound over the SAM surface. After removal from 

the SAM solution, the substrate was swished in 3 successive beakers filled with 100% 

ethanol. After that, it was dried in a stream of nitrogen. Next, an array of trenches was 

created by removing the thiol SAMs by the tip of AFM via nanolithography technique 

in air. The resulting substrate was immersed in 16-mercaptohexadecanoic Acid 

(MHA)/ethanol solution (1 mM, 2 ml) at room temperature overnight to attach MHA 

molecules onto the shaved trenches via thiol-Au interaction. Next, the substrate was 
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removed from the solution and rinsed with ethanol and dried. The resulting substrate 

was incubated in 1 ml of the aqueous solution of NHS (50mM) and EDAC (200mM) 

for 15 min at room temperature.153 Then the substrate was rinsed with MES buffer 

thoroughly and immersed in 1 ml of 1 mg/ml of AAHAAHAAD (HRE) in pH 7.4 

PBS buffer solution for 12 h at 4 ˚C. The substrate was passivated with 2 ml of 10 

mM solution of ethanol amine. Then it was rinsed with PBS buffer and it was 

incubated in 3 ml of 0.1 mM HAuCl4 for one day. Next, 30 ul of 1% NaBH4 was 

added to the 3ml solution of 0.1 mM HAuCl4. The substrate was removed from that 

solution after incubating for two hours and it was rinsed with water upon removal. 

Finally, the substrate was dried by nitrogen gas flow. The substrate was then checked 

by Tapping Mode AFM for results. When an organic gold salt (Chloro-trimethyl-

phosphine gold) was used instead of HAuCl4 , the procedure followed is described in 

the literature174. 

When silicon substrate was used, the substrate was incubated with the mixture of 

nitric acid and hydrochloric acid at the ratio (3:7) for 30 minutes. The substrate was 

rinsed with water and ethanol respectively. Then it was incubated in 2ml of toluene 

solution of 0.1 mM PEG silane overnight for SAM formation. After the substrate was 

rinsed with ethanol and dried, trenches were made with silicon nitride coated AFM 

tips using nanolitho-program. The resulting wafer was incubated in 2ml Toluene 

solution of 0.1 mM aldehyde silane (OHC(CH2)10Si(OC2H5)3)  to form the self 

assembly monolayer of aldehyde molecules following the siloxane bond formation 

between hydroxyl groups on the silicon wafer and alkoxyl group of aldehyde silane. 

After being rinsed with water, the resulting substrate was incubated with 1 ml PBS 
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buffer solution of 1 mg/ml HRE. A 2 ml solution of tris buffer (0.1 M, pH 8.6) and 3 

mg of organic gold salt was prepared in which the silicone wafer was incubated for 

two days. The vial containing the entire assembly was wrapped with aluminum foil to 

avoid light. After two days, 6 ul of 16 M hydrazine hydrate was added to the above 

solution and incubated for 1 day. The substrate was checked with TM AFM after 

rinsing it with water. 

9.3 Results and Discussion 

         In this work, both dip pen nanolithography (DPN) and nano-grafting techniques 

were applied to provide designated areas for immobilization of biominerilizing 

peptides, which were used to grow the metallic148 or semiconducting19, 22, 215 

nanocrystals. The bio-mineralizing peptides for specific ions were selected from 

phage display library technique55.  

     This work is to study the controlled growth of metal and semiconductor nano-

particles on silica and gold surface using bio-mineralization and apply them as 

potential electronic logic gates and photonic device. Various types of nano-crystals 

have been synthesized by biomineralization process, where peptides or proteins are 

utilized to mineralize metals and semiconductors19, 22, 215, 216. The amino acid 

sequences of mineralizing peptides could also influence the size, alignment, and the 

shape of resulting nanocrystals17, 18, 149. In certain conditions, peptides could produce 

unusual crystalline structure in solution at room temperature that do not grow at 

ambient conditions1, 43, 228. Since the size, alignment, shape, and the crystalline 

structure of nano-crystals tune the optical and electrical properties of those assembled 
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nano-crystals, the synthesis and assembly of new materials using biomineralizing 

peptides will provide a significant route to fabricate the new device.  

     The purpose of the in situ fabrication of tunable and aligned nano-particles on the 

surface using biomineralization process for nano-device in this report is to avoid the 

complicated process of fabrication of nano-devices. For example, in the traditional 

way, first of all, the tunable building blocks are manufactured, and then they are 

assembled. However, in this study, we fabricated the nano-structured materials and 

formed the tunable building blocks simultaneously using a combination of bio-

mineralization process and SPM-based nanolithography. The SPM-based 

nanolithography provides the chance of generating nano-scale building blocks and 

patterns. The immobilized bio-mineralizing peptides on the solid surface generate the 

tunable building blocks on the device surface, not on the template of building blocks. 

     For the study of nano-crystal growth, gold nano-particle was chosen since 

synthesis procedure of gold was well-developed, and also the specific peptide (HRE) 

was readily available in our group.  

1) Dip Pen Nanolithography (DPN) 

       In DPN methodology, the bio-mineralizing peptides were transported to the area 

from AFM tip: peptides as ink and AFM tip as a pen. In order to successfully deposit 

the peptides from AFM tip, first of all, the silicon wafer containing self assembly 

monolayer (SAM) should have a strong affinity for the peptides. As a result, the 

silicon wafer was incubated with toluene solution of aldehyde (OHC (CH2)10Si 

(OC2H5)3) and afterwards, cleaned with a mixture of concentrated hydrochloric acid 

and concentrated sulfuric acid (the volume ratio 1:3). The transported peptides were 
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chemically bound to the aldehyde surface with amide bond formation between the 

amine group of peptide and aldehyde group of silane moleculues from SAM. The rest 

of the area was deactivated with bio-inert amine functionalized polyethylene glycol 

molecules.  Next, the silicon wafer was incubated in tris buffer solution of 3mg 

organic gold salt(Chloro(trimethyl phosphino)Gold(I)) for two days. Then 6ul of 16M 

hydrazine hydrate was added to reduce the gold(I) ion into gold metal148.The whole 

procedure is illustrated in scheme(9.1).  

 

Scheme 9.1    The procedure of gold NPs on silicon wafer using DPN 
methodology 

        

 
     The surface roughness of silicon wafer was found to be around 1nm from the 

section analysis (Figure 9.1). The silicon tip was incubated with 1 ml of 500ug/ml 

peptide solution for 5minutes, and immediately after, the tip scanned 25um2 area with 

contact mode and sample lines of 125. Due to the surface roughness of silicon wafer, 

it is very difficult to obtain the LFM image of the patterned area for further 

verification of covalently bound peptide. However, the patterned area was easily 
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differentiated by phase image and height image (figure 9. 2 & 9.3) after the solution 

containing Au(I) ion and wafer was reduced by hydrazine hydrate. In the far-sighted 

view of the gold nanoparticle patterned image (Figure 9.2 (A),(B),(C)), the patterned 

area seems square in that as the peptides were transported from tip as ink. The tip 

exactly scanned 25um2 area. After the growth of gold nano-particles in the patterned 

area, the region became more visible. The appearance of discontinues lines in the 

pattern is due to the roughness of the surface and the difficulty in controlling the 

parameters such as humidity, temperature, the tip velocity, etc.   Especially, the phase 

image of the patterned area clearly shows that the gold particles existed in the 

patterned areas. Also gold particles in the area had a different contrast due to their 

hardness compared to the peptide assembled region. The height of the gold nano-

particles was 6nm. This is consistent with the data provided by literature150. Due to 

the difficulty in reproducibility of DPN method, the nano-grafting method was 

applied to the silicon wafer.  

     The transportation of the molecules by DPN is related to a lot of parameters such 

as humidity, temperature, the affinity of molecules to the surface of substrate, surface 

roughness, contact force, tip velocity, etc. For example, in the literature230, the 

transportation of alkane thiol to gold surface was performed in 40% humidity. 

However, for transporting peptide molecules to surface, higher than 70% humidity231 

was required. The molecules should have strong affinity to the surface, i.e. gold thiol 

interaction etc., otherwise it is very difficult to transport molecules from tip to surface. 
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Figure 9.1  height image  of silicon wafer and section analysis of surface 
roughness. ( by Nurxat ) 
 

 
Figure 9.2 Far-site view: (A) Height image (B) Amplitude image (C) Phase image 
of gold nanoparticle growth after peptides transported by DPN and the 
reduction of gold ions. Near-site view: (D) Height image (E) Amplitude image (F) 
Phase image of the images (A),(B), and (C). Height image of random gold 
nanoparticles on one layer PEG-coated silicon wafer surface without addition of 
HRE peptides. ( by Nurxat) 
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2) nanografting method for silicon wafer 
  

As shown in scheme 9.2, bioresistive PEG monolayer was formed on silicon wafer 

surface and then the silicon nitride tip removed the layer by scraping with the contact 

force of 20uN(Figure 9.3). Due to the roughness of silicon wafer and small size of 

peptide molecules, the observation of the patterned area with height increase was very 

difficult. However, the substrate was scanned after gold reduction. The formation of 

gold nanoparticles in the patterned areas was clearly visible as shown in the figure 9.4.  

Compared to the gold substrate, it is relatively difficult to get good self assembly 

monolayer on silicon wafer surface due the inter molecule polymerization of alkoxide 

silane when the alkoxide silane start to assemble on the silicon surface. The very 

important step of assembly of protective layer is to generate more hydroxyl groups on 

silicon wafer. Otherwise this affect the formation of SAM on silicon wafer surface. 

The above uncontrollable parameters caused that the background had small particles  

and discontinuity in the patterned areas in figure 9.4.  
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Scheme 9.2.  Procedure to form gold array on the silicon wafer 

 

 
 
 

 
 
 
 
 
 

Figure 9.3 The height image of silicon wafer after scratched with Silicon nitride 
tip at contact force of 20uN. ( by Nurxat) 
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      Figure 9.4. Height image of patterned area after gold(I) reduction.  
                                                      (by  Nurxat) 
 

 
       
     

     Although we successfully generated the gold arrays on the silicon wafer using 

nano-grafting method, we experienced the difficulties in the following aspects. For 

example, silicon nitride-coated layer of AFM tip was easily ruined due to the 

hardness of silicon substrate. For these reasons, we changed to gold substrate from 

silicon wafer for demonstrating the gold array formation using bio-mineralization 

method. Compared to the silicon substrate, the thiol monolayer of gold substrate was 

easily formed, not multilayer. The youngs modulus of gold is lower than that of 

silicon, so the regular silicon tips can be used for longer time for trench-making 

purposes. Also, most of thiol-functionalized molecules are commercially available.  

 
3) Nano-grafting method for gold substrate 

    The gold substrate was incubated overnight in 1mM SHC11H22 (CH2CH2O)3OH. 

To avoid the formation of langmuir- Blodgett on gold substrate during removal from 
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the solution, ten-fold 100% ethanol was added to the incubation vial and the substrate 

was removed quickly. Then gold substrate was dipped in three successive vials 

containing pure ethanol. The substrate was dried with nitrogen gas blow, and silicon 

chip was used to make patterned trenches on the SAM formed on the substrate using 

nano-litho program. The patterned substrate was incubated in 1mM 16-

mercaptohexadeconic acid for 12 hrs for formation of a monolayer of 

mercaptohexadecanoic acid in the trenches. The acid groups in the patterned areas 

reacted with amine group of the peptide following the formation of intermediate 

between carboxyl groups and EDC/NHS.  The intermediates in the areas other than 

the patterned trenches, including EDC in the solution, were deactivated with 10mM 

ethanol amine. The final substrate was treated with gold salt and a reducing agent. In 

this procedure, the final treatment was divided into two parts. In first case, the 

substrate was incubated in 0.1mM HAuCl4 for 24 hours. After the incubation period 

was over, the substrate was rinsed with nanowater, and was incubated in sodium 

borohydrate with a final concentration of 0.01% for 2 hours. Last, the substrate was 

rinsed with nanowater and observed with Tapping mode AFM for the growth of gold 

nano-particles(scheme 9.3). In the second case, the gold substrate was incubated in a 

tris buffer solution containing organic gold salt (AuP(CH3)3Cl) for 2 days and the 

reducing agent was Hydrazine Hydrate.  

     In order to tune the distance between the nano-particles, we should isolate 16-

mercaptohexadecanoic acid molecules from one another, which are linked to the bio-

mineralizing peptides. The bio-mineralizing peptides have functions in growing 

nanoparticles on the substrate. The molecules used as spacers for isolating 16-
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mercatohexadecanoic acid should have compatibility with 16-mercatohexadecanoic 

acid. Also, the molecule should be inert to peptides, which means that peptides should 

not be adsorbed on the spacers, and they should have a chemical structure similar to 

16-mercaptohexadecanoic acid. 

 

Scheme 9.3  Gold array formation on gold substrate using Nanolithography and 

Biomineralization. 

 

 
 

     For the inorganic gold salt case, shown in Figure 9.5(A), 150nm wide trenches 

were created on the SAM surface. After the gold ion was reduced by sodium 

borohydrate, three visible gold arrays formed along the trench. In order to confirm the 

formation of the gold arrays, we performed another experiment. Trenches with 80nm 

width and 2.5nm depth were made on PEG coated gold surface. After the peptides 

were immobilized in the trenches, the gold surface was observed with SEM (Figure 

9.6).  The trenches are visible as dark lines due to the low electron density of peptides. 

However, the two gold arrays formed on the trenches became more visible as shown 
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in Figure 9.7; this is due to higher electron density compared to the trenches 

containing only peptides. This also provides evidence of gold particle formation 

   Figure 9.5 (A) Height image of trenches before reduction of gold ions. Width of 

trench: 150nm. (B) Height image of gold nano-particle growth in the trench.  

                                          ( by Nurxat & Samia) 

Figure 9.6  SEM image of trenches on the gold surface after the peptide 

immobilization. ( Nurxat, Linglu & Kai) 
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Figure 9.7  Gold array formation on the patterned area after the gold solution 

was reduced by sodium borohydrate ( Nurxat, Linglu, & Kai) 
 

 
 

     From figure 9.5 (a) and (b), it can be seen that despite incubation in peptides 

solution, the trenches do not have any height increase (Figure 9.5 (a)). However, after 

gold ions were reduced, the trenches were filled up with nanoparticle arrays (Figure 

9.5(b)). Also, the trenches had more tightly packed nano-particles compared to other 

areas. This result indicates that biomineralizing peptides play certain function in 

growing gold nanoparticles. To further confirm the peptide function in growing gold 

nanoparticles, a control experiment was performed. In this procedure, we incubated 

the substrate with trenches containing monolayers of 16-mercaptohexadecanoic acid 

in gold salt solution in the absence of the peptides altogether. Without changing the 

other steps in scheme 3, in Figure 9.8(A) and (B), no gold particles formed in the 

trenches.   

     In order to tune the distance of gold nano-particles, we used 

SHC11H22(CH2CH2O)3OH as spacers. The following ratio between 16-
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mercaptohexadecanic acid and SHC11H22(CH2CH2O)3OH (2:8, 1:9, 5:95, 1:99, 

0.5:99.5) was prepared to control the distance between gold nano-particles. The 

results from the ratio of 16-mercaptohexadecanoic acid to 

SHC11H22(CH2CH2O)3OH(1:9) and (2:8) showed the same result as the result without 

any spacers. From figure 9.9, it can be seen that as the ratio between 16-

mercaptohexadecanic acid and SHC11H22(CH2CH2O)3OH was lowered to 5:95,  the 

particles in the trenches became more diluted. When the ratio was lowered to 1:99, 

the particle growth was sparse forming no arrays (figure 9.10).  

 

     

Figure 9.8  (a) Amplitude image of the patterned trench area after formation of 
mercaptohexadecanoic acid in the trenches. (b) Amplitude image of patterned 
areas after reduction of gold ion in the absence of HRE. (by Nurxat & Samia) 
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Figure 9.9 (a) Height image of patterned trench area before gold reduction (b) 
Height image of patterned trench area after gold reduction. The ration: 5:95. 

( by Nurxat & Samia) 
 

 
                         (a)                                                        (b) 

 

Figure 9.10 (a) Height image of patterned trench area before gold reduction (b) 
Height image of patterned trench area after gold reduction. The ratio between 

16-mercaptohexadecanic acid and SHC11H22(CH2CH2O)3OH: 1:99. 
( by Nurxat & Samia) 
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                           (a)                                                                    (b) 

 

     Though the ratio makes the particle arrays more diluted, the particles arrays were 

not well packed. This explains that SHC11H22(CH2CH2O)3OH was not a good spacer 

for our system. All of the ratios (5:95, 1:99, 0.95: 99.5) give us the same results. After 

considering the difference in the chemical structures of the above two molecules, 16-

mercaptohexadecane was chosen as an alternate spacer for our system (figure 9.11). 

However, the resulting gold substrate became dirtier. This is probably because alkane 

thiol is not bioresistive, or it absorbs more peptides; also alkane thiol could replace 

the bioresistive layer of (SHC11H22(CH2CH2O)3OH) on the surface. 

 

Figure 9.11   (a) height image of  formation of gold nanoparticles in the trenches  
(b) amplitude image of  formation of gold nanoparticles in the trenches.  

(by Nurxat & Samia) 

 
                            (a)                                                                   (b) 
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     We studied the correlation of the formation of particle arrays with the width of the 

trenches. Three different kinds of trenches were made. They were respectively as 

follows: First: 80nm-100nm, Second: 150nm-170nm, third: 340nm-360nm. 

 When the concentration of the reducing agent was 0.01% NaBH4 and the gold ion 

concentration (HAuCl4) was 0.1mM, the size of the formed gold nano-particle was 

around 6nm as shown in Figure 9.12. This was consistent with the height of the nano-

particles on the gold substrate, not with the width of gold nano-particles from Height 

Image (AFM). The width of gold nano-particles on the gold surface from section 

analysis was 60nm. This is a well known phenomena in AFM image that the width of 

a height image is not reliable. However, this can be evaluated when the same 

materials and the same set up for AFM operation were performed. In Figure 9.13 A-1, 

A-2, B-1 and B-2, when the width of the trenches was around 90nm, the only two 

arrays were aligned.  From the analysis of the width of one particle (60nm) from 

section analysis of height image of particles on the gold surface, at maximum, the two 

particles were fit in the 90nm wide trench. When the width of trenches increased to 

150nm, the maximum number of particles should be three. From the Figure 9.13 D-2, 

we clearly see the three particles arrays along the trench. As the width of trenches 

increased to around 340nm, the figure 9.13 F-2 shows the six arrays along the trench. 

It can be concluded that the width of the trenches is related to the number of arrays 

generated along the trenches.  

      The gold ion in the organic gold salt is Au+ and this is different from Au3+ gold in 

the inorganic gold salt. The whole procedure of fabrication of gold array was the 

same except the last two steps. i.e. the inorganic gold was replaced by 

Trimethylphosphine Gold chloride. The reducing agent used was Hydrazine hydrate. 



 

 

133

Figure 9.14 shows, when the width of the trenches were 170nm, the gold nano-

particle array along the trench was three and consistent with the results, in which 

inorganic gold salt was applied. This is the reason why the size of the nano-particle 

(6nm) grown by the condition that used organic salt and hydrazine hydrate148 is also 

the same as the gold particle size when inorganic salt is used. Due to limited facilities, 

we did not clearly observe the accurate width of trenches and nanoparticles. 

    

Figure 9.12  TEM image of nano-particles at fixed concentration of 
HAuCl4(III)(0.1mM) and NaBH4(0.01%). ( by Samia) 
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Figure  9.13 A-1 (Far-site view) Height image of trenches with width of 90nm , 
A-2 ( near-site view) Height image of  one trench from A-1, B-1 (Far-site view) 
Height image of trenches after gold reduction, B-2 (Near-site view) Height image 
of the one trench from B-1, C-1 (Far-site view) Height image of trenches with 
width of 150nm, C-2 (Near-site view) Height image of one trench from (C-1).D-
1(Far-site view) Height image of trenches after gold reduction, D-2 (Near-site 
view) Height image of the one trench from D-1. E-1 (Far-site view) Height image 
of trenches with width of 340 nm , E-2 ( near-site view) Height image of  one 
trench from E-1, F-1 (Far-site view) Height image of trenches after gold 
reduction, F-2 (Near-site view) Height image of the one trench from F-1. 
( Nurxat & Samia) 

 
(A-1 )                            (A-2 )        (B-1)                                   (B-2) 

 
                      (C-1 )                       (C-2)                               (D-1)                   (D-2)                   
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(E-1)                      (E-2)                     (F-1)                                 (F-2) 

Figure 9.14  Left image: Amplitude image of trenches before the formation gold 

NP formation. Right image: Amplitude image of gold NPs in the trenches.( by 

Nurxat & Samia) 

 

 

  
 

9.4 Conclusion 

     In conclusion, we successfully demonstrated the direct growth of gold nanoparticle 

in the liquid / sold interface using bio-mineralization after the bio-mineralizing 

peptides were immobilized on the gold surface. The resolution pattern was 

determined by the local geometry of AFM tip. The number of patterned nanoparticle 

arrays was controlled by the width of the trenches.  The direct fabrication of gold 

patterns provides a pave to simplify the complicated process of logic gate using 

bottom-up approach. Combination of biomineralization and nanolithography method 

has an advantage to create any kind of logic gate and photonic  device including 

semiconducting nanomaterials. 
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PART III         Viral Sensor Development 
 

Chapter 10       

Comparison of Electrical Properties of Viruses Studied by AC 

Capacitance Scanning Probe Microscop232 

 

10.1 Introduction 

Electrical properties of biological cells have attracted broad interest from 

fundamental to applied sciences. For example, dielectric constants of cells could be 

influenced by locations and distributions of peptides, DNAs, and RNAs due to their 

individual dielectric response to AC frequency. These characteristic electronic 

structures of cells have been applied for their assay, separation, imaging, and 

quantification.233-240 

Recently, AC capacitance and impedance measurements have 

attracted interest for the applications in biomolecular systems since they do not 

require extra complex sample preparation procedures such as staining and 

manipulation of cells.241 Because external AC fields can also trap a single cell by 

dielectrophoresis, the detection of cells with an extreme low detection limit could be 

achieved by monitoring impedance or capacitance changes before and after the cell 

binding event on electrodes.242, 243Therefore, it is advantageous to apply AC 

capacitance measurements for biological cell detection since AC fields probe the 

polarization responses of low dielectric materials that possess relatively high 

resistance, and it is quite logical to probe electric properties of biological cells by 

capacitance since they are not highly conductive.  
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While the dielectric properties of cells have been investigated extensively, the 

dielectric properties of viruses have not been characterized yet even though pathogen 

identification is of continued importance in the area of medical diagnostics and 

biological warfare defense. The conventional detection of viruses at the nanoscale is 

more difficult compared to the detection of cells at microscale in their low 

concentration due to their sizes. However, AC capacitance detection with atomic 

force microscope (AFM) could have an advantage for smaller virus detection. When a 

Pt-coated tip of AFM is applied as a nanometer-sized electrode and a virus particle is 

located between the AFM tip and bottom electrodes, the impedance and the 

capacitance of viruses can be measured as AC fields are applied between electrodes. 

AC capacitance scanning probe microscopy (AC-SPM) was recently applied for 

characterization of various semiconductors and polymers with the spacial resolution 

in nanometers.244-246Recently, a nanoscale electrochemical probe was also 

demonstrated to probe electron transfers and ion flux mechanisms by penetrating cell 

membranes,247 however biological samples at the nanoscale have not explored by this 

technique extensively. Many viruses have a structure consisting of an envelope as a 

shell, DNAs/RNAs in a core, and a capsid layer between the core and the envelope 

(Figure 10.1). Each virus has distinct capsid proteins and glycoproteins, which are 

distributed at specific positions throughout the capsid and the envelope. If the 

dielectric properties of those characteristic proteins affect the overall dielectric 

constants of viruses significantly, each virus may possess distinct capacitance. Under 

this hypothesis, we examined seven different viruses using AC-SPM. In this report, 

capacitances were measured at high AC frequency to avoid complex ionic effects that 

could influence virus capacitance measurements due to the charge-screening at 
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electrode-fluid interfaces when capacitances are measured in solution.241 AC-SPM 

probed that those viruses have distinct capacitances respectively and modification of 

the envelope and the capsid of the same virus strain altered their capacitances. Since 

proteins in the envelope and the capsid were observed to have a significant 

contribution to the overall capacitances of viruses, this technique has the potential to 

be developed as virus detection and identification platforms through the analysis of 

their distinct capacitance spectra.  

10.2 EXPERIMENTAL 
 

10.2.1 Materials 

Polystyrene nanoparticles (Polysciences, Warrington, PA, USA) and 

polymethylmethacrylate nanoparticles (Bangs Labs, Fishers, IN) in the diameter of 

100 nm were used as a standard for viral capacitance measurements. All purchased 

particles were diluted to 107 particles/mL, based on the manufacturer’s specifications 

of initial particle concentration in particles/mL. Serial dilutions to the final 

concentration of 107 particles/mL were performed, however ultimately the precise 

concentration of particles in the final solution was not known. In the preparation of 

viral samples, the precise concentration was not required to be known when one was 

interested in measuring capacitances of the discretely deposited particles on a 

substrate since there were broad ranges of concentration for which deposition of 

nanoparticles on surfaces created suitable samples for AFM analysis of single 

nanoparticle. Then, 10μL of solution was dropped on gold substrates (Asylum 
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Research, Santa Barbara, CA, USA), working as another electrode. For each polymer 

nanoparticle in figures, at least fifty particles locating different spots were chosen to 

measure their capacitances. During the study different conductive tips were used on 

different days and different sample preps. The collected capacitance spectra were 

averaged and plotted against the AC frequency with error bars. Adenovirus type 5 

(AV5) was used as received from American Type Cell Culture (VR-1516). Titered 

stocks of simian virus 40 (SV40) and vaccinia (MVA) were obtained from Drs. 

Zhiping Ye, and Michael Merchlinsky (all at FDA/CBER), respectively. HSV1, 

HSV2, and HSV1 GFP mutants were graciously donated from Dr. Andrea Bertke 

(FDA/CBER). CPMV virus was donated from Prof. John Johnson and used as 

received. Most of viruses examined in this report were spherical while MVA was the 

only virus whose shape was oval, and these viruses had the height of 20 ± 3 nm due 

to collapsing on the substrate based on their AFM images (Figure 10.2). The size of 

each virus was 75 ± 10 nm for AV5, 55 ± 3 nm for SV40, 270 ± 20 nm x 180 ± 30 nm 

for MVA, 170 ± 20 nm for HSV, and 25 ± 3 nm for CPMV, respectively. To create a 

series of spiked samples for analysis, 10-fold serial dilutions with distilled water were 

performed from virus stocks with known concentrations. The envelopes of the HSV2 

virons were removed by a Freon extraction. Freon was used as received from Fisher, 

and added to a virus stock solution in a 1:1 volume: volume ratio. The mixture was 

vortexed for 30 seconds, and then centrifuged at 14k rpm for 30 seconds. Then the 

aqueous layer containing the virus with no envelopes was collected. 
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10.2.2 Impedance/ Capacitance measurements of polymer and virus    
          Particles 
 

To develop a suitable interface between the AFM and the impedance analyzer that 

would not compromise extreme sensitivity requirements, a stand-alone MFP-3D 

AFM (Asylum Research, Santa Barbara, CA, USA) was outfitted with custom 

modifications. Platinum coated tips with a radius of curvature of less than 40nm and 

spring constant near 40 N/m were used for topological AFM imaging and electrical 

measurements (Mikromasch NSC15-Ti/Pt, Wilsonville, OR, USA; Nanosensors PPP-

NCHPt, NanoAndMoreUSA, Lady’s Island, SC, USA). Non-contact mode images 

were collected to find particles of interest while minimizing tip wear and extending 

lifetime of the Pt coating on the AFM tips. The tip end was 6 positioned precisely at 

the center of virus and nanoparticle using computer-controlled closed-loop scanner. A 

constant force of 10 - 500 nN was applied throughout all capacitance measurements. 

Humidity was controlled for all AC-SPM experiments by monitoring the humidity 

inside the acoustic isolation hood chamber. To control humidity levels between 10% 

and 90%, an ultrasonic humidifier was fitted with a connection to plumb a pipe into 

the acoustic AFM hood such that water vapor could be flowed into the acoustic hood 

chamber and increase the humidity. The samples were left in acoustic isolation hood 

chamber at constant temperature and humidity overnight to reach equilibrium. A 

Solartron 1260 Frequency Response Analyzer with a Solartron 1296 Dielectric 

Interface (AMETEK, Paoli, PA, USA) was used for the collection of impedance and 

capacitance spectra. The capacitance values were obtained after the data fitting of the 

measured impedance data whose circuit model is given in Figure 10.3. This circuit 
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model was determined from control experiments of the model nanoparticles with the 

AC-SPM instrument. Briefly, the fitting to the equation in series with virus 

capacitance, cable inductance, and other frequency-dependent capacitance 

contributed from conductive AFM cantilever, air, leakage current, and loss parameter, 

determined constants in the frequencydependent capacitance part of the instrument, 

CPE (constant-phase element), and the completed equation was applied to obtain the 

virus capacitances from their impedance spectra. An applied AC bias of 10mV was 

used to stay below the Johnson noise at room temperature of 26mV, thereby 

minimizing electrical perturbations to the materials in the system. The impedance 

measurement was integrated over 10 seconds for each frequency below 100Hz, in an 

attempt to average out low frequency noise sources from building vibrations and AC 

power lines. The impedance measurement was integrated for 1 second at each 

frequency at and above 100Hz. 

10.3 RESULTS AND DISCUSSION 
 
After a non-contact mode image was collected to find isolated virus particles on Au 

substrates (Figure 10.2), the AFM tip was moved to the center of a virus particle 

precisely through the closed-loop scanner. A constant tip force of 100 nN was applied 

to each virus in order to maintain the sufficient and consistent contact between AFM 

tip and virus. Before and after carrying out capacitance measurements, the system 

conductance was checked by measuring impedances of bare Au plates. We first 

analyzed the dielectric properties of polymer nanoparticles as a function of AC 

frequency to study a circuit model of our system (Figure 10.3). Capacitances of 
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polystyrene (PS) and polymethylmethacrylate (PMMA) particles in the diameter of 

100 nm were also compared at 90 % of humidity as controls, and the capacitance of 

PMMA appeared higher than the PS capacitance as shown in Figure 10.4-(a), which 

is consistent with the order of their dielectric constants, 2.6 and 3.12, respectively.248 

Figure 10.4-(b) shows capacitances of five types of viruses; adenovirus type 5 (AV 5), 

herpes simplex virus type 1 (HSV1), simian virus 40 (SV40), vaccinia (MVA), and 

cowpea mosaic virus (CPMV). Their impedance signals were averaged 1-10 seconds 

for each AC frequency at 10 mV of AC bias. For each type of virus, fifty different 

particles were measured and collected capacitance spectra were averaged with error 

bars and normalized by the size of each virus, as shown in Figure 10.4-(b). In this 

figure, SV40 showed the highest capacitance while AV5 had the lowest. This plot 

indicates that those viruses could be clearly distinguished by measuring their 

capacitance spectra. It should be noted that there was no change in capacitance of the 

viruses regardless of the tip forces within the range of 50 nN ~ 500 nN (Figure 10.4-

(c)). We were aware that the water condensation between AFM tip and virus could 

affect our capacitance measurements since the pervious dielectric study of B-normal 

white blood cells showed that the dielectric permittivity of water was comparable to 

the ones for nuclear envelope, nucleoplasm, and cytoplasm of the human cells.249 To 

examine the influence of the water condensation between the tip and virus, the 

capacitance of the virus was measured at humidity levels between 10% and 90%, as 

shown in Figure 10.4-(d). In this figure, there was no change in the virus capacitance 

regardless of the degree of humidity. This outcome indicates that the water 

condensation had little effect on virus capacitance measurements. We would also like 
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to note that the water bridge contributes less to the overall capacitance measurement 

in the higher frequency range between 102 and 104 Hz. The influence of solvents 

surrounding the sample to the capacitance value is considerable at the lower AC 

frequency due to the ionic motions in the surrounding media. In all measured 

capacitance spectra the noise caused by the ionic motions was significantly reduced 

above 102 Hz. Thus, by monitoring the 8 virus capacitance in the higher frequency 

range where the ionic motion was reduced, the effect of the water condensation could 

be minimized in the capacitance measurement of viruses, as shown in Figure 10.4. 

This observation supports the validity of virus capacitance data measured in the range 

of 102~104 Hz; In this range the signal noise was small enough not to influence on 

the capacitance of viruses, which made the AC-SPM capacitance reliable as 

characteristic markers for the virus diagnosis. Viruses can be modeled as spheres 

consisting of electrolytic media surrounded by isolating shells. In the frame of this 

simplified model, envelopes and capsids of viruses behave as insulating layers 

(Figure 10.1), and the polarization on those layers significantly influences overall 

viral capacitance as a function of AC frequency.250 At low frequencies, the envelopes 

and the capsids offer significant barriers to current flow and the virus can be treated 

as an isolating particle. Herein, changes in the capacitance are only related to the size 

of the particle. At intermediate frequencies, the polarization of envelopes and capsids 

decreases and the dielectric properties of these layers govern the capacitance of 

viruses. At high frequencies, the envelopes and the capsids are minimally polarized 

and the capacitance measurements provide information about the viral core (Figure 

10.1). Based on this model, we hypothesize that the origin of the capacitance 
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difference among viruses in our measurements arises from differences between the 

dielectric properties of characteristic glycoproteins in their envelopes and capsid 

proteins in their capsids since we measured viral capacitances in the intermediate 

frequency range. Unfortunately, exact dielectric constants and distributions of the 

specific proteins in these viruses are not well characterized, and therefore overall 

dielectric constants of those viruses cannot be directly compared with our observation 

in Figure 10.4-(b) to confirm our hypothesis. However, the dielectric variations of 

viruses could be inferred from the differences of capacitance values between wild-

type and modified viruses; glycoproteins can be modified by mutation or capsid 

proteins can be removed chemically. Here we designed two control experiments to 

probe whether capacitance measurements are sensitive to proteins in the capsid and 

the envelope, respectively. First, HSV1 was mutated to add green fluorescence 

proteins (GFP) in their capsid and compared it with the wild type of HSV1. As shown 

in Figure 10.5-(a), GFP-mutated HSV1 has a higher capacitance as compared to the 

wild type HSV1. The GFP, whose isoelelctric point is 5.5, charges negatively in 

neutral pH and physiological pH buffers,251 and this dielectric difference in the capsid 

shifts the capacitance of GFP-mutated HSV1 higher than the capacitance of wild type 

HSV1. As the second control experiment to probe the effect of glycoproteins in the 

envelopes on virus capacitances, we extracted envelopes of HSV2 chemically using 

the Freon extraction method and compared capacitances between the envelope-

extracted HSV2 and the wild type HSV2. As the envelope of HSV2 was removed, the 

capacitance decreased, as shown in Figure 10.5-(b). Since viruses of the same viral 

strain have the same dimension and inner content, the observed changes in 
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capacitance are related to the dielectric properties of the viral envelopes and capsids. 

Thus, these results indicate that proteins in the envelope and the capsids contribute 

significantly to the overall dielectric constant of HSV at the intermediate frequencies. 

Moreover, it indicates that our capacitance measurements were performed at the 

proper frequency range, thus validating the proposed methodology for detecting 

viruses via their characteristic envelope/capsid compositions. It should be noted that 

the previous study on dielectric properties for various populations of white blood cells 

also supports our hypothesis about the origin of the characteristic capacitance 

responses for different viruses.249 In this work, dielectric permittivity, capacitance, 

and conductivity of the human cells were broken down into each component such as 

membrane (1st shell), cytoplasm, nuclear envelope (2nd shell), and nucleoplasm with 

the double-shell dielectric model. Although this work studied dielectric permittivity, 

capacitance, and conductivity of the human cells, the viral structure also consists of 

two shells, envelope and capsid, and their outcome was consistent with our viral 

results in capacitance values. However, even more significant consistency is that 

conductivities and capacitances for two shells of those cells, membranes and nuclear 

envelopes, were highly characteristic to the types of cells. Since we also found in the 

case of viruses that proteins in two viral shells, envelopes and capsids, had significant 

effect on the overall capacitance of viruses as shown in Figure 10.5,  the offsets of 

capacitance values in different viral systems in Figure 10.4-(b) also likely appeared 

by the characteristic capacitance differences in envelopes and capsids among viruses. 
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10.4 CONCLUSION 
 
     AC capacitance scanning probe microscopy probed that five viruses, AV5, CPMV, 

MVA, SV40, and HSV1 possessed distinguishable and characteristic capacitances. A 

mutation on the capsid in HSV1 virus with green fluorescence proteins (GFP) 

increased capacitance from 9x10-6 F/cm2 to 1x10-5 F/cm2 at 104 Hz. HSV2 virus 

decreased capacitance when its envelope and glycoproteins were chemically extracted. 

These control experiments indicate that dielectric properties of capsid proteins and 

glycoproteins significantly influence the observed overall capacitances of viruses. 

Because those capsid proteins and glycoproteins are characteristic to the viral type, 

this AC-SPM technique could be applied to detect and identify viruses at the single 

viron level using their distinct capacitance spectra as fingerprints without labeling. 

 
Figure 10.1. Representative illustration of the typical structure of viruses examined in 

this report. It shows that two shells, envelopes and capsids, surround the core 
containing nucleic acids. 
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Figure 10.2 Representative AFM images of (a) HSV1 and (b) MVA. Most of viruses 
examined in this report are spherical as shown in (a) while MVA is the only virus 

whose shape is oval as shown in (b). ( by Nurxat) 
 

 

 
 

Figure 10.3 Illustration of the probe configuration and its circuit model of the AC 
capacitance SPM. C virus is capacitance of virus, CPE is a constant-phase element, 

representing frequency-dependent capacitance and resistance of AFM tip and air, and 
Rinst is resistance of the instrument. 
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Figure 10.4  Capacitance spectra of (a) polystyrene ( ) and PMMA ( ) 
nanoparticles (b) Capacitance spectra of AV5, CPMV, MVA, SV40, and HSV1 (c) 
HSV1 with the tip forces, 50 nN ( ), 200 nN ( ), and 500 nN ( ) (d) HSV1 at 
humidity level 10 % ( ), 50 % ( ), and 70 % ( ). ( by Nurxat & Rob) 

 

 
 
 
Figure 10.5  Capacitance spectra of (a) HSV1 ( ) and mutated HSV1 adding green 
fluorescence proteins in capsid ( ) (b) HSV2 ( ) and envelope-extracted HSV2 ( ).  
( by Rob, Sang & Anne) 
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PART IV 

Conclusions and Perspectives 

In recent years, nanotechnology has been applied in many fields. The synthesis 

of new materials and the fabrication of nanodevice is the main trend in 

nanotechnology. This dissertation reports our discoveries on organic nanoswitches 

with fast response time, room temperature synthesis of Ferrolectric Barium titanate 

nanocrystals which cannot be formed at room temperature, and growth of silica 

nanoparticles in controlled shapes. Also, feasible bottom-up approachs were applied 

to build up the geometries of electronic circuit and photonic device. Furthermore, the 

antibody coated nanotubes as building blocks for electronic circuit were aligned 

antigen patterned region with antibody-antigen interaction. For insitu fabrication of 

nanodevice, the biomineralizing peptides were patterned according to the required 

geometry with scanning probe microscopy and directly mineralize certain metal ions 

to grow metal nanoparticles. These findings are based on the exploitation of surface 

physicochemical principles. An interfacial polymerization-crystallization system was 

used to prepare the first organic polymer single crystalline nanoneedles. Self-

assembled bolaamphiphilic nano-reactors with unique chemical properties were 

applied as templates to fabricate at room temperature ferroelectric barium titanate 

nanocrystals (6 to 12 nm). The versatility and significance of systems involving 

surface of two simple liquids for the preparation of important elements for 

nanoelectronics was demonstrated. At present, our preliminary results showed that the 

growth of nano-particle arrays was consistent with the width of the trench. 
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A self-assembled bolaamphiphilic nanoreactor, which was proposed to fabricate 

ferroelectric barium titanate nanocrystals, from 6 to 12 nm, at room temperature, may 

have a broad impact in the growth of various important crystals that do not grow at 

room temperature and ambient pressure. Recent examples include a similar approach 

for the synthesis of gallium oxide nanostructures.1 The advancement of this novel 

approach will continue to provide more important nanoelements with different 

functions. Also the insitu fabrication, which was demonstrated to grow nanogold 

arrays on the gold substrate, may be applied to grow semiconducting nanoparticles 

arrays with controlled distance and shape on the silicon chip. 
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