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Introduction 
The ITRS (International Technology Roadmap for Semiconductors) anticipates that the scaling of CMOS 

(complementary-metal-oxide-semiconductor) technologies may end with 22 nm pitch length (9 nm 

physical gate length) by 2016. The ability to scale within the last several decades has fueled multiple 

industries and has led to new industrial and defense products. The ITRS defines several potential 

research avenues that would lead to new device paradigms and provide alternative technologies, 

including bio-inspired assembly. The ultimate goal in these efforts is to develop highly controlled and 

highthroughput fabrication of nanoelectronics as stand-alone 

devices/systems, or components/devices that could be integrated 

heterogeneously on existing device platforms. Assembly based on 

biomolecular recognition provides a promising approach for 

constructing complex architectures from molecular building blocks, 

such as single walled carbon nanotubes (SWNT) and nanocrystals 

(NC). Deoxyribonucleic (DNA) and peptide (PNA) nucleic acids are 

attractive assembly linkers for bottom-up nanofabrication due to 

specificity offered by the base sequences. The Ozkan’s labs at UCR 

are following a tiered approach to nanomanufacturing of molecular 

electronics where understanding charge-carrier transport across bio-

inorganic interfaces, error-free repeatability of synthesis of hybrid 

building blocks and direct integration over Si platforms are among 

the challenges being  addressed. Among the recent publications in 

the    bio-assembly area include ex-vivo assembled discrete devices 

such as DNA-SWNT and virus-NC nanoarchitectures for 

electronics components [1,2] and programming of nucleic acid 

sequences for large scale assembly of nanostructures [3,4]. The use 

of self-assembly processing and highly-integrated materials will 

allow novel routes to circumvent current challenges of CMOS such 

as environmental friendliness, thermal balance, dielectric quality, and capital costs of next generation 

fabrication facilities. Challenges in developing of future nanoelectronics involve massively parallel 

integration of SWNTs and semiconducting nanowires in a defect tolerant manner. 

 

Carbon Nanotube Based Functional Nanostructures 
Synthesis of hybrid nanoarchitectures based on SWNT-DNA or SWNT-PNA conjugates can provide 

unique possibilities for nanoelectronics and biotechnology (Figure 2). Such new structures combine the 

electrical properties of SWNTs with the self assembling properties of the oligonucleotides, or other 
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biomaterials including proteins, enzymes and viruses. We have recently demonstrated that SWNT-DNA-

SWNT conjugates can be employed for fabricating resonant tunneling diodes[2]. We expect that novel 

devices and applications could be derived from these achievements, including bio-electronic devices, 

DNA sensors, mechanical actuators, templates for hierarchical assembly, etc. Several studies have 

reported the utilization of SWNTs for imaging probes in scanning force microscopy [5,6]. Electrochemical 

studies showed that SWNTs can be utilized as enzyme based sensors, DNA sensors [7-11]. SWNT 

electrodes have indicated catalytic properties with potential applications as electrodes in fuel cells and 

electrochemical detectors for medical and warfare applications [12-17]. Functionalized nanotubes have 

been used in fabricating field effect transistors for applications in nanoelectronics and biosensors           

[18-20]. Several studies have shown that SWNTs and MWNTs can accommodate the encapsulation of 

nanoparticles, fullerenes, metallized DNA fragments [21-24] (Figure 3). Other studies have indicated 

conjugation possibilities of organic and inorganic molecules to sidewalls of carbon nanotubes [25-28].  
 

Bottom-up Fabrication: Hybrid Nanoarchitectures 
SWNTs are being utilized as active components in future solid state nanoelectronics [29]. Individual 

SWNTs have been used to realize molecular-scale electronic devices such as single-electron[30] and field-

effect transistors[31]. Several SWNT-based devices have been 

successfully integrated into logic circuits [32] and transistor arrays 

[33]. However, the difficulty in precise localization and 

interconnection of nanotubes so far impeded further progress toward 

larger-scale integrated circuits. Searching for alternative routes based 

on the molecular recognition between the complementary strands of 

DNA has prompted the exploration of its electronic properties for 

possible use in molecular electronics and templated nanostructures 

[34-39]. We have synthesized SWNT-DNA and SWNT-PNA (peptide 

nucleic acid) conjugates at UCR where DNA or PNA sequences are 

covalently bonded to SWNT ends to achieve a viable bio-inorganic 

interface. Most research discussing the fabrication of oligonucleotide 

based nanoarchitectures focused mostly on non-covalent interactions 

between DNA fragments and SWNTs [40,41]. Intrinsic low 

conductivity of bare DNA restricts its utilization in electronic circuits. 

Distributing metal particles on the backbone of DNA has been 

considered to lower its resistance [42,43].  

 

Synthesis of end specific SWNT-DNA and SWNT-PNA complexes 

(Figure 4) are quite novel and have been studied for the first time at UCR [2]. For the preliminary 

experiments, ssDNA with a nine base 

configuration of 5’ (NH2)GCATCTACG 

has been used which is diluted to a 

concentration of 10-4mol/L in ion-free 

water. ssPNA with a custom sequence 

of (NH2)-Glu–GTGCTCATGGTG-Glu-

(NH2) has been used for synthesizing 

SWNT-ssPNA conjugates. SWNTs  are 

oxidized in 2N HNO3 for 24 hours 

after sonicating mixture for 30 minutes. 

Sonication makes SWNTs disperse well 
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so oxidation can proceed properly. 

Mixture is then filtrated with DI water and 

dried by heating at 150C for 24 hours. The 

amine group on DNA is made to react 

with carboxyl on SWNTs (Figure 4). To 

achieve SWNT-ssDNA conjugation, we 

used 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide in the presence of N-

hydroxysulfosuccinimide in DI water. 

SWNT and ssDNA solutions are mixed 

and incubated for 12 hours. EDC reagent 

activated the terminal carboxyl groups of 

the SWNTs forming a highly reactive o-

acylisourea intermediate, which undergoes 

rapid hydrolysis to form acid again. The 

intermediate undergoes nucleophilic 

substitution with primary amines on DNA, forming amide linkages [44]. SWNT-ssDNA conjugates were 

obtained after several cycles of centrifugation to remove salt from the solution (Figure 5(a)). A similar 

processing scheme was employed in forming the SWNT-ssPNA conjugates (Figure 5(b)). The covalent 

nature of attachment between SWNTs and the oligonucleotides was established by using FTIR. 

Interpreting FTIR spectra for various compounds including oxidized SWNTs, PNA, DNA and 

characterizing the structures of SWNT-ssPNA, SWNT-ssDNA has been a major subject of study in our 

laboratories. In an FTIR scan, the carbonyl group 

affects the frequencies of other additional 

functionalities like (C-O, C-N, and N-H). Infrared 

spectra were recorded at 2 cm-1 resolution on a 

Bruker Equinox 55 spectrometer at room 

temperature for mid IR range (400 cm-1 to 4000 

cm-1). Correction for aqueous nature of different 

samples was conducted by rationing spectra of all 

the samples with PBS. Figure 5(c) illustrates 

infrared spectra for different samples (Oxidized 

SWNTs, PNA and SWNT-PNA conjugates). We 

observed a carbonyl peak for oxidized SWNTs at 

1641 cm-1. For ssPNA, both Amide (-C= O) peak at 

1658 cm-1 26 and Amide (N-H bending) peak at 

1641 cm-1 were observed. As both of the Amide 

bands overlap, we do not observe sharp peaks. 

But the observance of both Amide peaks indicates 

the peptide structure of PNA backbone and 

distinguishes it from SWNTs. Formation of 

covalent bond between SWNTs and PNA is indicated by shifting in position of both Amide peaks, at 

(1664 cm-1) and (1626 cm-1) with respect to PNA spectra in SWNT-PNA conjugate spectrum. Shifting in 

the first Amide peak is of particular interest as its band is strongly influenced by carbonyl band of 

SWNTs. This strongly indicates that there is a covalent interaction between SWNTs and PNA. We also 

observed change in the position of –NH stretch of SWNT-PNA conjugates, centered around 3088 cm-1, 

than the corresponding stretch, centered around 3116 cm-1 that of PNA. Though for both PNA and 

SWNT-ssPNA conjugates, –NH stretch will include both primary and secondary amines but left shifting 
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(decrease in wavenumber) in peak position for SWNT-PNA conjugates indicate increase in secondary 

amine character of the sample. As quantity of PNA in the SWNT-PNA conjugate is less than that for the 

only PNA sample, this increase in secondary amine character of –NH stretch could be attributed towards 

the formation of new amide bonds, which results in conversion of a primary amine to a secondary amine. 

 

Metallized Nanoarchitectures 
Synthesis of Pt decorated SWNT-ssDNA complexes is accomplished in a two-step chemical reduction and 

deposition of metallic colloids [45-48]. First, SWNT-ssDNA conjugates (1μl) are mixed with a salt solution 

such as K2PtCl4 solution (65 μl, 1mM) at room temperature for 8 to 12 hours. During the incubation, the 

DNA molecules are “activated” and some of the Pt(II) complexes bind covalently to the DNA bases [49].  

Using first-principle molecular dynamics (FPMD) simulations, it has been shown that for Guanine and 

Adenine base of DNA, the preferable binding site is N7 position [50]. To model the Pt(II)-ssDNA adducts, 

a one-fold hydrolyzed complex [PtCl2(H2O)] is considered as the representative system bound to single 

base pairs. The monofunctional complexes GP [G-PtCl2(H2O] and AP [A-PtCl2(H2O] are representative 

for adducts in the early stage[51]. After the activation 

step, dimethylamine borane (DMAB, 1μl, 10mM) is 

added and mixed for several seconds. After 4 hours at 

27C, Pt (II) is reduced to metallic platinum. In the 

process of reduction, Pt dimers formed 

heterogeneously at DNA molecules after a single 

reduction step present a stronger Pt-Pt bond and are 

expected to possess higher electron affinity than other 

Pt dimers formed homogeneously in solution. The 

initial heterogeneous nuclei quickly develop into bigger 

particles, consuming the metal complex feedstock 

present in solution [52]. Figures 5(d) and 6(a)-(c) 

represent metallized SWNT-ssDNA complexes. 

Oxidized SWNTs have higher adsorption capacities for 

heavy metal ions [53], hence Pt ions are absorbed on 

SWNTs. PNA has the same base pairs as DNA which can be activated by several metal ions in solution 

similar to DNA metallization. ssPNA fragments (NH2-Glu-TGCTCATGGTG-Glu-NH2), can also be 

utilized in fabricating the PNA-Pt complexes, following a two-step chemical reduction and deposition of 

metallic colloids [54]. Pt ion solution was prepared by dissolving K2PtCl4 in de-ionized water (1μM) and 

sonicated for several minutes. K2PtCl4 solution was mixed with the ssPNA solution (1.05μM) and 

incubated at room temperature for 2 hours. ssPNA molecules are first activated by Pt ions, forming initial 

metallic nanoclusters. Such initial clusters serve as nucleation sites for subsequent chemical reduction and 

further growth of the Pt nanoparticles and nanoclusters. Reduction bath of 1µl solution of 10m M DMAB 

was added to the mixture which was kept at 27C for 15 minutes to 6 hours. The reduction process can be 

terminated by diluting the solution with DI water, followed by a sonication step. During reduction, the Pt 

ions in the solution are utilized for continuous overgrowth of the Pt clusters on ssPNA molecules.  

 

Modeling of Band Structures and Carrier Transport Across                    

Bio-inorganic Interfaces 
Analysis of the high-lying occupied molecular orbitals (HOMO) and low-lying unoccupied molecular 

orbitals (LUMO) provides an understanding of the structural and electrical properties of the bio-

inorganic interfaces such as CNT/Protein, QD/DNA, QD/Protein, metal/DNA, and metal/protein. In a 
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recent study, the electrical properties of the 

interfaces between SWNT-ssDNA and SWNT-

ssPNA are deduced via density functional theory 

(DFT) calculations, where two unit cells of zigzag 

(10,0) oxidized CNT was linked to a deoxyribose 

nucleoside with amine on the 5’ position to form an 

amide linkage. The highest occupied molecular 

orbital (HOMO) and lowest unoccupied molecular 

orbital (LUMO) surface plots shown in Figure 8 

were generated at the SCF theory level with 

LANL2DZ basis set [55,56] using Gaussian03 

program suite [57]. The HOMO-LUMO gap was 

found to be about 3.1 eV. For comparison, the 

HOMO-LUMO gap of bare CNT is ~3.1 eV. The 

large gap is the result of the short length (2 unit 

cells) of the modeled SWNT. For an extended (10,0) 

CNT, the bandgap is ~0.98 eV. The HOMO orbital is 

confined on the SWNT while the LUMO orbital 

extends across the amide linker suggesting a good 

possibility of electron transfer across the amide bridge 

for n-type SWNTs. Similar calculations for SWNT-

ssPNA revealed that while the HOMO orbital is 

confined to the glutamate linker, the LUMO orbital 

extends over the SWNT suggesting that the SWNT-

ssPNA conjugates could be useful for building hole 

conducting devices [2]. An important outcome of such 

preliminary studies is to realize that bio-inorganic 

interfaces achieved by conjugating SWNTs with 

ssDNA (Figure 7) and ssPNA could prvide the 

opportunity to fabricate n-type and p-type devices, 

which could be envisioned as a future alternative to 

the conventional CMOS technology. 

 

Nanopatterning via Dielectrophoresis 

Using Micro- and Nano-Arrays 
Micro- and nano-array platforms can be utilized for 

precise control of electrophoretic manipulation of 

(bio)molecules, particles, and micro-LEDs as 

electronic elements. The platform (Figure 8) for 

electric-field assisted manipulation and assembly of 

nano-elements such as metallic and semiconducting 

nanotubes, carbon nanotubes, quantum dots, 

dendrimers and/or conjugation molecules such as 

DNA fragments. The Nanochip platform by Nanogen 

(Figure 8) enables rapid, parallel transport within 

seconds to a specific location on the chip array by 

enabling independent current or voltage control on 
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each electrode. Current commercialized applications of this platform include DNA hybridization and 

DNA analysis for molecular diagnostics applications where the platform uses fluorescence detection for 

sensing via fluorophore labeled reporters [58-61]. The commercial DNA detection encompasses highly 

multiplexed and fully validated assays and panels, including cystic fibrosis, respiratory viral panel, 

hereditary hemochromatosis, etc. Different types of arrays have been developed so far using silicon 

micromachining with fully automated and robotized fluidics control including 10,000 sites arrays, 400 

and 100 site arrays, for various applications. Figures 8(c) and (d) demonstrate the principle of electric or 

electrophoretic-field assisted in-situ assembly for manipulation, directing, and assembly of nanoelements. 

The electrode array, with geometry configurable to the desired application is energized to attract and 

combine different types of nano-elements (Figure 8(b)). This is significantly different than self-assembly 

in static solution because it enables site-specific assembly. Controlled parallel assembly of nanowires and 

nanotubes could be experimented by attaching one end of nanowire to the target DNA immobilized on 

the nanoarrays, and the other end of the nanowire could be attached to a reporter DNA sequence 

equipped with a fluorescent tag (Figure 8 (d)). Upon hybridization, fluorescence detection could be used 

for the assessment and recording of an in-situ assembly event. 

 

Conclusions 
While chemical and biological assembly holds promise in many fields, there is still much technology to be 

developed and science to be learned for the promise to be fully understood and realized. We anticipate 

that there are rich engineering concepts to be discovered within the near future that will enable massively 

parallel assembly of nanodevices towards functional systems and applications. Perhaps, the future of 

assembly engineering depends on gaining the ability to manipulate and control more than one type of 

molecular force, which is necessary for hierarchical fabrication. We are confident that the first of the 

applications in this area will be enabled by integration of assembled components onto existing platforms 

fabricated by top-down approaches. 
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