
ABSTRACT 

GAO, MING. Self-Assembled Three-Dimensional Nanoelectronics Systems with Neuromorphic 

Network Architectures (Under the direction of Dr. Thomas H. LaBean). 

 

In recent years, biological brains have inspired development of neuromorphic computing 

with hardware architectures that mimic information processing structures of biological neural 

networks. Neuromorphic architectures have shown excellent capabilities in parallel computation 

and solving complex tasks and are seen as a next generation approach to the traditional von 

Neumann architecture. Nanowire networks, with memristive or other nonlinear electrical 

behaviors, are promising candidates for neuromorphic computing applications. At the same time, 

molecular self-assembly has been developed for fabrication of complex materials. Among them, 

DNA hydrogels are known for their simple fabrication process and ability to tailor specific 

architectures with desirable properties.  

In this project, we built two-dimensional (2D) and three-dimensional (3D) nanowire 

networks inspired by neuromorphic architectures. We explored the synthesis, deposition, surface 

modification, and characterization of silver nanowires (AgNWs), and studied the integration of 3D 

AgNW networks in polymeric matrices. Beyond that, we applied self-assembly techniques as 

novel fabrication methods to organize 3D nanocircuits. We engineered, built, and characterized a 

variety of pure DNA hydrogels and DNA hydrogel/nanomaterial composites using carbon 

nanotubes and gold nanoparticles-based crosslinkers. We demonstrated the ability of hydrogel 

systems to self-assemble 3D percolating networks that exhibit interesting nonlinear electrical 

properties. We also demonstrated the tuning of viscoelasticity of hydrogel-based composites. 

Finally, we present potential applications and implications of this project in nanoelectronics and 

processing methods. 
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CHAPTER 1 

Introduction and Project Overview 

 

1.1 Vision and inspiration 

Even though computers can process information and analyze data much faster than human 

brains in many operations, human brains have their advantages in efficiency, error-tolerance, and 

certain operations that computers cannot compete with[1]. The neural system from the human brain 

is an extremely complicated physical system with approximately 100 billion neurons[2]. The neural 

circuitry formed by the synaptic connections between neurons continuously inspires researchers 

to reform the structure of computer hardware and to create revolutionary computing paradigms. 

With the extremely high degree of connectivity and the flexibility of connection and reconnection 

(i.e., rewiring), the biological brains are very powerful in processing information and storing 

memories. Therefore, the computational prowess of human brains exceeds that of artificial 

computer hardware when it comes to data transfer as well as processing dynamic, unstructured, 

and noisy information[3-4].  

In the meanwhile, the current von Neumann computer architecture (Figure 1.1) has 

limitations in parallel computation and solving complex nonlinear tasks due to its inherent clock 

cycle for sequential processing and data communication between the processing units and stored 

memory [5]. Therefore, researchers started to explore unconventional computing methods inspired 

by biological neural networks to develop hardware systems suitable for parallel computing. As 

one of the emerging developments of unconventional computing, neuromorphic computing 

proposes hardware structures to intentionally imitate the computational structure of the biological 

brains to work more efficiently for these complex tasks and applications[6-7]. While von Neumann 
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architecture has completely separate units for processing and memory, neurons and the synaptic 

connections between neurons are responsible for both memory and processing in the human brain 

by changing the synaptic weight[8]. Neuromorphic network architecture provides the benefits of 

accelerating the computing speed and reducing the device size, which can further reduce energy 

consumption. Conceptually, computers with such architectures will also have lower requirements 

for cooling, as there will be less heat released from device operations. Overall, neuromorphic 

network is a promising candidate to solve complex problems with lower energy consumption and 

high information capacity. 

 

 

Figure 1.1 von Neumann architecture versus neuromorphic architecture (Adapted from Valle, 

2018[9]). 

 

Among neuromorphic systems, artificial neural networks (ANNs) have shown promising 

computation capabilities toward applications in artificial intelligence, the Internet of Things, and 
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big data[10]. However, ANNs still have disadvantages in solving relatively complex tasks, and 

oftentimes it is too time and energy consuming due to extensive training. As a result, reservoir 

computing (RC) was introduced as a low-power computational framework. RC comprises a 

reservoir layer, which is a nonlinear system with fixed dynamics, and a trainable output layer 

(Figure 1.2). The reservoir itself does not require a training/learning process, and the resulting 

outputs are only analyzed and adjusted by the output layer[11]. Therefore, RC has shown higher 

computing performance and greater power savings for temporal pattern recognition and other data 

processing tasks[12-13].  

 

 

Figure 1.2 Schematic illustration of reservoir computing (Adapted from Duport, 2016[14]). 

 

To most efficiently realize RC in hardware, we need to have synapse-like electrical 

components with analog electrical behavior. Therefore, memristors became essential components 

to develop the RC architectures for neuromorphic computing[10,15]. A memristor is a two-terminal 

passive component that exhibits nonlinear current-voltage (IV) relationship. Memristors exhibit a 

pinched hysteresis loop from IV characterization, which is the result of their charge-dependent 

resistance and memory characteristics[16]. Self-assembled memristive nanowire networks are seen 
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as one of the closest hardware architectures that mimic biological neural networks. These networks 

also show excellent performance in neuromorphic information processing[ 17 ]. Chalcogenide 

compounds such as silver sulfide (Ag2S) have been proven to exhibit memristive behavior. For 

example, Hadiyawarman et al. performed IV characterization on silver (Ag)-Ag2S core-shell 

nanoparticles with supplied voltage in the range of -5 to 5 V[18]. Hard switching with pinched 

hysteresis was observed, as the nanoparticle-based reservoir device transited from a high-

resistance state to a low-resistance state. The resistive switching behavior indicates that the Ag-

Ag2S core-shell nanoparticles exhibited nonlinear and memristive behaviors, which is a result of 

ion migration and redox at the Ag and Ag2S junction[19-20]. Therefore, the Ag/Ag2S/Ag architecture 

is seen as a great candidate to build memristive networks toward the development of neuromorphic 

devices, including RC applications.  

 

 

Figure 1.3 IV curve characterization of Ag-Ag2S core-shell nanoparticles, showing hard switching 

with pinched hysteresis loop (Adapted from Hadiyawarman, 2021[18]). 
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1.2 Background 

DNA self-assembly is a DNA nanotechnology that designs DNA molecules to realize the 

self-assembly of materials and thus to build nanostructures[ 21 - 22 ]. This technique is used to 

assemble DNA molecules into motifs, which can be combined and connected to create two-

dimensional (2D) or three-dimensional (3D) lattices[23]. DNA self-assembly can be utilized to 

control the assembly of other materials into the system, which allows researchers to use the bottom-

up approach to program the material properties and performance. It has the unique capability of 

precisely manipulating materials at the nano- and microscales and is an essential tool in the fields 

of nanoscience, nanotechnology, and materials science[24,25,26]. DNA self-assembly is based on 

Watson-Crick complementary interaction, also known as basepairing, which allows the 

hybridization of complementary strands[27]. The complementary hybridization of single-stranded 

DNAs (ssDNAs) enables the construction of basic DNA building units, and sticky end basepairing 

allows the construction of complex crystal structures. Researchers can design ssDNAs accordingly 

to program intermolecular interactions and thus to tailor 2D or 3D DNA-based structures. 

DNA self-assembly was first proposed in the 1980s by Ned Seeman, which started to 

inspire the studies of connecting DNA branched junctions by basepairing to create predictable 

nanocrystals. Self-assembly can be a platform to guide and organize inorganic and other materials 

into customized 3D structures, which can be as precise as in the nanoscale. More recently, 

emerging studies started to show interests in creating working devices via self-assembled 3D 

crystals[28-29]. Generally, common applications of DNA self-assembly include DNA walkers and 

machines, diagnostics, drug delivery, and biophysics[30,31,32]. 

The most common strategies in DNA self-assembly are to construct DNA tiles, DNA 

origami, and DNA bricks. A DNA tile is a branching motif constructed by ssDNAs by strand 
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exchange. DNA tiles can be further assembled into more complex architectures through 

hybridization with themselves or other building units. It is a useful method to combine ssDNAs 

via sticky ends basepairing to form 2D or 3D arrays or networks[33-34]. DNA origami is built from 

a long ssDNA folded into a specific, designed pattern with short “staple” strands at addressable 

points[35-36]. A more recent strategy, a DNA brick, is a duplex constructed by ssDNA with four 

distrinct domains that form staggered 3D structures and can also serve as a building unit[37-38]. Both 

DNA origami and DNA bricks are significantly more complicated strategies than DNA tiles since 

more strands of different sequences are used to create the nanostructure. Therefore, we chose to 

design DNA-based tiles as our eventual strategy to build nanocircuits toward the development of 

nanoelectronics applications.  

Finally, the DNA-based architectures can be incorporated into a hydrogel to assemble 

functional hydrogels with DNA architectures. DNA hydrogels can be constructed from 

entanglement or crosslinking mechanisms, with more details given in Figure 1.4. The structural 

and mechanical properties of DNA hydrogels can be easily tuned by adjusting the design and/or 

concentrations of DNA building blocks, such as branched DNA monomers[46]. Therefore, these 

gels are highly programmable, and researchers can design the architectures to obtain desirable 

properties for specific applications. Besides, other nanomaterials, both organic and inorganic 

molecules, can be introduced into the system based on their physical or chemical interactions with 

DNA, so that the DNA architecture can be used as a scaffold to build DNA-based hydrogel 

composites[39]. In addition, many studies on DNA hydrogels aim to design stimuli-responsive 

hydrogels, where the shape or formation of the gel responds to a transition in the environment such 

as light, pH value, and temperature[40,41,42]. Applications of DNA hydrogels include biomedical 

applications such as cancer therapy and drug delivery, tissue engineering, and biosensing[43-48]. 



   

 

 

7 

 

Figure 1.4 Mechanisms of DNA hydrogel formation by (a) hybridization[ 44 - 45 ], (b) enzyme 

catalyzed assembly and DNA tiles[46], and (c) entanglement of long DNA chains via polymerase 

chain amplification[47] (Adapted from Gačanin, 2020[48]).  

 

1.3 Current challenges and opportunities 

Currently, the most common approach for integrated circuit (IC) fabrication is 

photolithography processing, which is a layer-by-layer assembly method that transfers desirable 

patterns onto the surface of a semiconductor wafer[49]. One challenge in lithography processing is 

to have a breakthrough in resolution, defined as the minimum dimension of the feature that can be 



   

 

 

8 

patterned on the wafer[47]. Another challenge in lithography is to enhance the registration, which 

is defined as how accurately a successive mask can be overlaid with the previous pattern on the 

wafer. Resolution and registration together determine the precision and downscaling limitation of 

the IC design, which is known as the interconnect bottleneck that researchers and developers in 

electronic technologies eager to overcome[50,51,52]. Besides, semiconductor lithography systems 

have the disadvantages of low throughput (i.e. low production rate at high resolution), extremely 

high cost of fabrication equipment, harsh processing conditions, and very strict requirements for 

the manufacturing facilities[53,54,55]. Because of these limitations and disadvantages in lithography 

processing, it is highly desired to introduce a fabrication technique that has highly precise control 

in the nanoscale to construct architectures and complexes with desirable electrical behaviors.  

One emerging opportunity that can overcome the limitations and disadvantages of 

lithography processing is DNA nanotechnology. Instead of researching the ability of DNA in 

storing and transmitting genetic information in biological systems, DNA nanotechnology uses 

synthetic nucleic acid-based structures as a structural engineering material and specifically designs 

DNA structures for technological applications[21,56]. DNA nanotechnology shows unparalleled 

precision and programmability in building supramolecular structures, as DNA self-assembly has 

the ability to integrate other materials to create nanoelectronics circuits[57,58,59,60]. Therefore, DNA 

self-assembly is a very promising technique that can change the history of human manufacturing, 

especially in fabricating electronic systems that are traditionally produced by lithographic methods. 

The state-of-the-art integration and organization of nanoparticles using DNA self-assembly 

mainly focuses on linear or planar control with DNA templates[27]. Although the arrangement of 

component materials such as nanoparticles can be well controlled, few studies research the 

assembling of large and aperiodic 3D structures. Therefore, there are opportunities in exploring 
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the construction of large and complex DNA-based nanostructures and systems that also have 

practical applications. Challenges in this topic include the improvement of stability, scalability, 

complexity, and functionality of such structures. 

 

1.4 Dissertation scope 

     1.4.1 Project overview and research implications 

The goal of our project was to develop 3D network structures and functional devices in the 

micro- and nanoscales using DNA self-assembly technique as well as stochastic assembly within 

polymeric matrices. We aimed to program and direct the construction of 2D and 3D neuromorphic 

network nanocircuits and to tailor their properties toward applications in nanoelectronics and 

unconventional computing. We explored and combined various types and forms of materials such 

as metallic nanoparticles and nanowires, nanotubes, oligonucleotides, and polymers. We 

demonstrated the strategies of using DNA self-assembly to organize nanocircuits and functional 

components using active nanoparticles and nanotubes, and we demonstrated the potential of DNA 

nanotechnology in creating precise and complex circuitry.  

Our project focused on the fundamentals of materials science, including materials 

synthesis, DNA nanotechnology, nanofabrication, composite fabrication processes, materials 

characterization, as well as characterization of performance. It was a multi-disciplinal study that 

combined physics, chemistry, biochemistry, materials science, nanoscience and technology, 

electrical engineering, and mechanical engineering. We expected that the findings of this project 

can inspire the fabrication of integrated circuits, optoelectronics, and other nano- and 

microelectronic elements and devices based on wet-chemistry processing. By using DNA self-

assembly to tailor templates to integrate active components into a nanoelectronic system, we 
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effectively addressed several disadvantages of traditional photolithographic processes, which 

include the requirements of very expensive instruments and access to a cleanroom facility with 

large space and dim lights. It also addressed the problems that photolithographic procedures can 

only build structures unidirectional and work layer-by-layer, which limits the design of the 

architectures and also requires high accuracy for every process to ensure the full functioning of the 

final device[61-62]. Besides, our approach broke the limitation of nanoelectronics for biological 

applications, as it is more suitable and compatible with biological systems compared to the current 

fabrication strategies. Overall, this research may become a promising solution for sustainable and 

greener manufacturing in the electronic and energy industries in 5 to 15 years. The results of this 

study can also be important to researchers and developers in hardware architecture and design, 

which may allow continued scaling of Moore’s Law. Our research has potential applications 

toward functional devices and systems such as logic circuits, sensing, communications, and 

molecular-scaled IC chips. 

     1.4.2 Research approaches and objectives 

As shown in Figure 1.5, our approach for this project was to first determine the optimal 

synthesis protocols to produce silver nanowires that have the ideal physical properties to us. The 

resulting nanowires were the essential building materials for the networks later in the project. 

Then, our next approach was to construct and characterize 2D nanowire networks before moving 

forward to construct 3D composites by embedding the nanowire networks in various polymeric 

matrices. Finally, our third approach was to apply DNA-guided chemistry to program the 

construction of large nanostructures using nanoparticles and nanotubes. We built DNA-based 

hydrogel composites based on the fundamental physical interactions between DNA strands and 

nanomaterials as well as sticky end basepairing. 
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Figure 1.5 Flowchart of the project. 

 

First of all, we focused on the component materials in the first phase of the project. We 

specifically studied the synthesis and characterization of silver nanowires (AgNWs) with different 

surface functionalities, which are reported later in Chapter 2. We focused on tuning the synthesis 

parameters to fabricate component materials that have the ideal dimensions and surface chemistry 

to us, so that they can serve as the dispersed phase materials in the following phase of the project. 

The dimensional information and characterization of synthesized nanowires collected from this 

phase of the project also provided valuable information and feedback for the second phase of the 

project and for the computational studies in our research group that helped to identify simulation 

parameters. 

In the second phase of the project, we explored the 2D and 3D hybrid nanostructures that 

are promising candidates for neuromorphic computing hardware. Specifically, we designed, 

fabricated, and characterized memristive devices of novel structures using the bottom-up approach. 

We first studied different deposition methods to fabricate homogeneous AgNW-based networks. 

We then explored simple fabrication methods that are inexpensive and environmentally-friendlier 
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than the current processing methods for composites with embedded 3D nanowire networks. 

Besides, we also explored various characterization techniques for 2D and 3D networks and applied 

both destructive and non-destructive strategies to reveal the morphologies of the functional 

components as well as the surfaces of the 3D composite materials. In addition, we investigated the 

basic electrical properties, such as nonlinearity and electronic transport as a function of the electric 

field, of the resulting nanoelectronic systems. The results from this phase of the project are reported 

later in Chapters 2 and 3. 

In the third and last phase of the project, we demonstrated using molecular recognition to 

control and fabricate materials at the nanoscale. We used DNA strands as a building material to 

organize and self-assemble nanotubes and inorganic nanoparticles to construct percolating 

nanocircuits toward the development of molecular electronics. We designed various types of 

complementary crosslinkers and spacers that hybridize to form DNA-based hydrogels. For some 

types of crosslinkers, we attached ssDNAs on the surfaces of gold nanoparticles and wrapped 

ssDNAs around carbon nanotubes to integrate these materials into the hydrogel systems. We also 

applied characterization tools such as oscillation frequency test, multiple particle tracking, and 

current-voltage curve measurement to study the mechanical and electrical properties of the gels. 

We proved that DNA self-assembly is a highly promising strategy in nanofabrication for low-

power and programmable nanoelectronics applications. Compared to the current photolithography 

procedures, the bottom-up self-assembly approach is faster, easier, and cheaper in creating 

circuitry and nanoelectronic devices. We also showed the potential of DNA self-assembly in 

precise and accurate 3D integration of supramolecular complex structures. This phase of the 

project is reported in Chapter 5 and has been published in Gao, 2021[63]. 
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The conclusions and future directions regarding each phase of the project are discussed 

separately at the end of each of the following chapters. 
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CHAPTER 2 

Silver Nanowire Synthesis and Characterization 

 

2.1 Introduction and background 

     2.1.1 Background 

Silver nanowires (AgNWs) are seen as one of the most promising one-dimensional 

nanomaterials for nanoelectronic application, including soft, transparent, and stretchable 

electrodes, wearable electronics, solar cells, and sensors[64,65,66]. AgNWs are especially attractive 

for their one-dimensional nanostructures, high electrical conductivity, mechanical flexibility, and 

optical transparency. These properties make AgNWs an ideal candidate to be integrated into 

conductive or semiconductive nanocomposites, especially for flexible transparent conductive film 

applications[67-68]. The properties and performance of AgNW-based composites are adjustable and 

depend heavily on their dimensions and morphologies. Therefore, having precise control of the 

nanowire dimensions has frequently been of the core of studies on this topic[69-70]. 

     2.1.2 Silver nanowire fabrication 

The fabrication of metallic nanowires has attracted a large audience in recent years with 

the development of electrodes for thin film applications. Common metallic nanomaterials that can 

be synthesized in the wire shape include copper[71-72], gold[73-74], and silver[75-76].  

Reported routes to synthesize AgNWs include polyol process, hydrothermal method, 

microwave-assisted approach, electrochemical technique, UV irradiation technique, and template 

technique[77,78,79,80,81]. Of all these synthesis approaches, the solution-based polyol process is most 

commonly used because it is convenient, low-cost, and comparatively safe. The polyol process 

also does not require special equipment or instrumentation and is most suitable to be scaled up for 
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mass production. The polyol route was first developed by the Xia group[82-83]. Briefly, it is achieved 

by the reduction of metallic salt by a polyol while controlling the crystallization to be 

unidimensional growth of isotropic nanoparticles into anisotropic confinement[84-85]. Based on this 

strategy, Andres et al. reported a rapid method to synthesize AgNWs of high aspect ratios under 

an hour with the polyol approach[143], where they used ethylene glycol to reduce the metal 

precursor in the presence of a nucleating agent and a capping agent poly(vinylpyrrolidone) (PVP). 

It is one of the quickest reported synthesis methods that can produce AgNWs of high aspect ratios. 

Andres et al. demonstrated that well synthesized AgNWs with an average diameter of 50 nm and 

200 nm should both show a broad absorption peak between 390 nm and 425 nm at the UV-Vis 

absorption spectrum (Figure 2.1) [86]. They also showed that AgNWs synthesized with this method 

have excellent performance in many applications, such as organic photovoltaics. 

 

 
 

Figure 2.1 Absorption spectra of AgNW suspension in ethanol for two nanowire samples with 

either 50 or 200 nm average diameter (Adapted from Andres, 2015[143]). 
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     2.1.3 Project Overview 

The electrical conductivity of AgNW networks is greatly influenced by the resistance at 

nanowire junctions. Based on the studies of electrical transport within nanowire networks, longer 

AgNWs help to construct percolation paths, as there are fewer wire junctions with long nanowires 

when keeping the volume fraction of conducting materials constant[ 87- 88]. Therefore, for our 

purpose of building percolating paths with AgNW networks, we would like to apply AgNWs of 

the highest aspect ratios that we can feasibly and reproducibly fabricate. At the same time, we also 

aim to compare the properties and performance of networks built with nanowires of different 

lengths. Therefore, a robust synthesis method that can produce AgNWs of different ranges of 

lengths is highly desired. Although many previous studies have reported synthesis protocols to 

obtain AgNWs of different dimensions, from as short as several micrometers to as long as a few 

hundred micrometers, they utilized different reagents and synthesis procedures that lead to 

different chemical residues in the product solutions[64,89 ]. For our further studies of AgNW 

networks, it is important for us to make sure the synthesized nanowires have the same surface 

conditions. Therefore, we would like to formulate a robust synthesis protocol in this project that 

allows us to systematically control the dimensions of AgNWs by tuning several major reaction 

parameters.  

After investigating both the hydrothermal method and the polyol approach for AgNW 

synthesis, we chose to use an adapted polyol approach where silver nitrate is reduced in ethylene 

glycol with the presence of PVP and CuCl2. The polyol approach allows us to synthesize AgNWs 

at a low cost, with basic laboratory supplies, while preventing potential safety issues that could 

arise from high pressure and ultra-high temperature during the hydrothermal procedures[90]. One 

objective of this project is to further explore and improve the current one-step synthesis methods 
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reported by Andres et al. to rapidly grow AgNWs of different ranges of lengths. Although there 

are studies that use a successive multistep method to synthesize ultra-long AgNWs[91-92], we would 

like to avoid ultra-long nanowires, which is generally defined as AgNWs with over 100 μm 

lengths, so that we can eventually apply molecular self-assembly techniques to integrate nanowires 

with self-assembled materials. It is more challenging to apply DNA self-assembly to build stable 

architectures with materials much larger in scales. Due to this reason, we are also aiming to 

produce nanowires with an average diameter below 150 nm.  

Here, we report a parametric study and modification of AgNW synthesis to achieve 

nanowires with different lengths and aspect ratios. We especially studied the influence of 

temperature during different reaction phases, reaction time, stirring time, and PVP chain length on 

the final dimensions of AgNW products. The reported one-pot one-step polyol-mediated method 

can efficiently and consistently synthesize AgNWs with minimal impurities. Several tips and 

cautions are also advised as described in this chapter in order to support a robust production. 

Chemical analysis of the final product has been conducted by energy-dispersive X-ray 

spectroscopy (EDS) and ultraviolet-visible spectroscopy (UV-Vis), and the physical appearance 

and dimensions of the nanowires have been imaged and collected by transmission electron 

microscopy (TEM) and scanning electron microscopy (SEM). 

 

2.2 Silver nanowire synthesis 

     2.2.1 Influence of reaction temperature, reaction time, PVP chain length, and stirring 

condition 

Based on previous studies, the most important conditions during AgNW synthesis that 

determine the final length of AgNWs are the reaction time, temperature, stirring time, and the 
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molecular weight (chain length) of PVP[62]. In order to further investigate the influence of these 

conditions on the synthesized AgNWs and to determine the parameters that yield AgNWs with 

high aspect ratios, the following parameters (Table 2.1) were tested. In short, each of the four 

parameters were experimented with the listed conditions while keeping the other three parameters 

constant, to specifically determine the optimal condition for each of the reaction parameters. As 

the most important parameter, the reaction temperature was examined from 155℃ to 185℃. We 

also performed temperature ramping (i.e. different temperature setting at different phases of the 

reaction) to see if the influence of reaction temperature is stage-specific during AgNW synthesis. 

Second, the reaction times between 20 min to 45 min were tested. The reaction time counted from 

the moment that the precursor is completely added to the reaction flask to the moment that heating 

is stopped and that the flask is quenched in room temperature water to stop the reaction. Thirdly, 

the optimal ratio of PVP of different chain lengths (molecular weights) was tested. While the total 

mass of PVP added to the reaction was kept constant, the mass ratio of the two different types of 

PVP was adjusted. Last not but least, the time of stirring with a magnetic bar was experienced to 

see whether or not stirring influences the lengths of AgNWs. In Table 2.1, 0% indicates no stirring 

for the entire reaction, 50% indicates stirring for the first half of the reaction time, and 100% shows 

stirring throughout the entire reaction.  
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Table 2.1. Variables and values examined in the parametric study of AgNW synthesis. 

Temperature Reaction time PVP ratio* Stirring† 

155 ℃ 

160 ℃ 

165 ℃ 

170 ℃ 

175 ℃ 

180 ℃ 

185 ℃ 

20 min 

25 min 

30 min 

35 min 

40 min 

45 min 

2:1 

1:1 

1:2 

1:3 

1:4 

1:5 

0% 

20% 

33% 

50% 

66% 

100% 

* Mass ratio of PVP (average molecular weight ~55,000) to PVP (average molecular weight 

~360,000). 
† Percentage of total reaction time that the solution is being stirred with a magnetic bar, counted 

from the beginning of the reaction. 

 

 

It was previously proposed that the formation of AgNWs involves three steps: nucleation, 

evolution of nuclei to form seeds, and growth of seeds into nanocrystals[93]. The final form of 

synthesized nanostructures is controlled by the thermodynamics and kinetics of each step, which 

involves diffusion and surface energy minimization[86]. The nucleating agent in the synthesis 

significantly influences the morphology of seeds, which governs the shape of final nanocrystal 

products. Common nucleating agents for AgNW synthesis are chloride salts such as NaCl, FeCl3 

and CuCl2
[94]. We chose to use CuCl2 as the nucleating agent since they have been reported to 

support the fabrication of longer AgNWs. After testing various combinations of the reaction 

conditions listed in Table 2.1, we concluded that the reaction time needs to be at least 40 min for 

which the flask is at an sufficient temperature of 175℃ to produce long AgNWs. We also found 

that the optimal mass ratio of PVP (~55,000) to PVP (~360,000) is at 1:3. Our parametric study 

showed that stirring does not have a very significant influence on the length of the final AgNW 

product compared to the other parameters, although it slightly helps to grow long AgNWs when 

stirring is stopped at the beginning of the growth phase of the reaction. 
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First of all, the reaction temperature needs to reach and be kept at 175℃ to grow long 

AgNWs, and a lower temperature can not support the growth of AgNWs over 60 μm. When the 

reaction temperature is at 160℃, the average AgNW length is below 30 μm. And when the reaction 

temperature is lower than 160℃, silver ions do not effectively grow into the wire shape, and they 

appear as nanoparticles when characterized by electron microscopes. In addition, PVP will form a 

foaming supernatant layer on the surface of the solution if the reaction temperature is higher than 

180℃. Although the AgNWs in the solution will still be good to use, the yield of AgNWs will 

decrease significantly since the foaming supernatant needs to be extracted and discarded. 

Therefore, the optimum reaction temperature to grow long AgNWs is in the range of 175-180℃. 

A lower temperature of 160-175℃ supports the growth of short AgNWs, where the average lengths 

are listed in Figure 2.2. During synthesis, a fluctuation of temperature within ±3℃ was found to 

be acceptable, but larger derivations from the desired temperature are not desirable. We highly 

recommend future research to control the reaction at the desired temperature with minimal 

fluctuation. 

Secondly, the influence of reaction time on AgNW product is studied. While setting the 

reaction temperature at 175℃, we observed an improvement of average nanowire length from 61.2 

μm to 63.8 μm when we increased the reaction time from 20 min to 30 min. When we extended 

the reaction time from 30 min to 40 min, we also saw an increase in nanowire length to 68.1 μm. 

However, extending the reaction time further did not prove to have a significant influence on the 

length of AgNWs. From the temperature ramping test, we found that it is important to make sure 

the reaction is at the desired temperature discussed above for the entire reaction time to ensure that 

AgNWs would grow to the projected lengths. If the temperature of the first 10 min of the growth 

phase is lower than the desired temperature, one can raise the temperature to the ideal range and 
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keep the reaction for another 40 min (or the desired total reaction time) to allow nanowires to grow 

to the projected length. Although the final nanowire product will have a wider range of lengths 

(with a larger proportion of short AgNWs compared to the product from an ideal reaction), the 

longest nanowires will still be of the desired length. 

Thirdly, the mass ratio of PVP of two different molecular weights was considered to 

improve the synthesis protocol. PVP, as the capping agent, determines the growth mechanism of 

nanostructured silver at different crystalline face surfaces[ 95 ]. Specifically, PVP has a strong 

interaction with the (100) planes of AgNW and a weaker interaction with the (111) planes, the two 

ends of the rod-shaped nanocrystals[96]. This confinement assists silver atoms to diffuse to the two 

active ends of the nanocrystals in the growth phase and thus grow anisotropically at the [111] 

direction during synthesis[89]. Therefore, PVP directly influences the final shape and aspect ratio 

of AgNWs. Most of the previous studies only used PVP of one particular molecular weight. Wang 

et al. particularly studied the influence of the chain length of PVP on the final dimensions of 

AgNW. They found that PVP of higher molecular weight assist to fabricate AgNWs of high aspect 

ratios[97]. However, we observed that it is more difficult to properly dissolve PVP of high molecular 

weight in ethylene glycol and there can still be undissolved PVP even when the solution appears 

all clear. And when this happens, a foaming supernatant would form during AgNW synthesis even 

at a temperature lower than 180℃. Therefore, instead of using one type of PVP, we improved the 

protocol by mixing PVP of high molecular weight (MW ~360,000) with PVP of low molecular 

weight (~55,000) to avoid this issue. Our further parametric study showed that the optimal mass 

ratio of PVP (~55,000) to PVP (MW ~360,000) is 1:3, which effectively avoids the formation of 

foaming supernatant and thus supports a high yield production. 
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The last parameter studied was the stirring time. Unalan et al. researched the influence of 

stirring rate on the dimensions of synthesized AgNWs[69]. They reported that a faster stirring rate 

results in AgNWs of smaller lengths and diameters. Furthermore, Andres et al. demonstrated the 

stirring sequence for a 30 min reaction is to apply stirring for the first 10 min, then no stirring for 

the following 20 min to produce long AgNWs[143]. Based on these reports, we decided to examine 

different stirring conditions to further investigate the root cause of this impact. After experimenting 

with different stirring conditions, we found that the optimal stirring condition is less related to the 

time that the solution is being stirred, but more related to the stage of the reaction when the solution 

is being stirred. Specifically, to ensure the production of long AgNWs, we found that the solution 

needs to be stirred from the moment that it is being heated to the end of the stage where silver 

nuclei have matured to form seeds. This strategy ensures that the temperature of the solution is 

homogeneous at the stage where an endothermal environment is most important to the reaction. 

Stirring at this stage can also effectively prevent the aggregation of seeds that have not started to 

grow into the rod or wire shape. However, extended stirring during the growing stage decreases 

the length of AgNWs, as demonstrated by Andres et al and also observed by us. We found that the 

best way to determine the time to stop stirring is by observing the color of the solution. At the 

initial stage where silver particles are formed, the solution appears as transparent light yellow. As 

the pentagonal silver particle seeds are formed right before the growth stage, the color of the 

solution transitions from light yellow to translucent (almost opaque) light ivory/pearl. This is when 

stirring was stopped, so that there was no stirring during the growth phase of synthesis. Eventually, 

the final AgNW product appears grey in the solution. 

As a summary, our parametric study determined that the optimal mass ratio of PVP 

(~55,000) to PVP (MW ~360,000) is 1:3, and magnetic stirring should be stopped at the beginning 
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of the growth phase of the reaction. The averaged AgNW lengths produced with different reaction 

time (20-40 min) and temperature (160-175℃) are presented in Figure 2.2. In addition, the 

protocols to synthesize long AgNWs with minimal impurities are formalized in Section 2.2.2 

When production of short AgNWs is desired, the reaction temperature and time from the protocols 

can be adjusted accordingly as specified in Figure 2.2, while other conditions and procedures are 

kept the same. 

 

 
Figure 2.2 Averaged AgNW lengths produced with different reaction temperature and time. 

 

     2.2.2 Protocol for silver nanowire synthesis with a hot plate 

Materials. Silicon oil (for oil baths, from −50℃ to +200℃, Sigma-Aldrich) is used for the 

oil bath. Silver nitrate (AgNO3; >99%, Sigma-Aldrich) and ethylene glycol (EG; 99.8%, Sigma-

Aldrich) are used as metal source material and the reducing agent, respectively. A mixture of 

poly(vinylpyrrolidone) (PVP; average MW ~55,000, Sigma-Aldrich) and poly(vinylpyrrolidone) 

(PVP; average MW ~360,000, Sigma) is used as the capping agent. Copper(II) chloride (CuCl2; 
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dehydrate, 99.999%-Cu, Strem Chemicals) is used as the nucleating agent. Ethanol (Ethyl alcohol, 

pure, 200 proof, Sigma-Aldrich) and acetone (Fisher Chemicals) are used to wash and purify the 

final product. 

 

 
 

Figure 2.3 Photos of AgNW synthesis setups with (a) hot plate approach and (b) thermostatic bath 

approach. 

 

Synthesis. The hot plate approach setup to synthesize AgNWs is shown in Figure 2.3 (a). 

First, 480 mg of AgNO3 is dissolved in 22 mL ethylene glycol by bath sonication. 380 mg of PVP 

is separately dissolved in 22 mL ethylene glycol by bath sonication and vortex mixing. Then, 0.54 

mg of CuCl2 is dissolved in 160 mL ethylene glycol in a 250 mL flask, and the flask is suspended 

inside an oil bath that is set on a hot plate. A magnetic bar is put inside the flask and stirring is 

turned on as soon as the hot plate is set for heating. Next, the hot plate is set to an appropriate 

temperature that allows the solution inside the flask to reach and maintain a constant temperature 

of 175℃. Once the solution in the flask reaches the homogeneous temperature, the PVP solution 

prepared in the first step is added into the flask by a syringe drop by drop. The temperature of the 

solution in the flask is allowed to return to 175℃ again. Then, the AgNO3 solution prepared in the 
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first step is added to the flask with a syringe drop by drop. Once the solution inside the flask starts 

to turn cloudy and become translucent, the AgNO3 solution can be added at a faster rate. Once all 

the reagents have been added to the flask, one can start to count for the reaction time. Shortly after 

all the reagents are added to the flask, the color of the solution will turn to translucent light 

ivory/pearl, which over time will become more and more opaque. Eventually, it will turn to grey 

with some splash of shiny silver indicating that AgNWs have been grown (Figure 2.4). One should 

stop stirring when the color just turns light ivory. 

Once the reaction time reaches 40 min, heating is stopped, and the flask is removed from 

the oil bath. The flask is then quenched in room temperature water to stop the reaction. The product 

is left at room temperature until it completely cools down. Once the solution is cooled to room 

temperature, the final product inside the flask is transferred to several 50 mL polypropylene 

centrifuge tubes. The next step is to repeatedly wash and purify the final product with ethanol and 

acetone in turn to remove any PVP, ethylene glycol, and nanoparticle impurities. For each wash, 

the solution is centrifuged at 2000 rpm for 30 minutes to precipitate nanowires before removing 

the supernatant solution and resuspending the wires in fresh solvent. After a total of six washes 

(three times with ethanol and three times with acetone), the final AgNW product is preserved in 

ethanol for future use. 

Caution and notes. First of all, the purity and quality of chemicals used in the synthesis 

are very important and are directly related to the quality of the final AgNW product. We 

recommend using analytical-grade chemical reagents and solvents. Second, it is essential to make 

sure all reagents are well dissolved in ethylene glycol before adding them to the reaction. 

Undissolved chemicals can result as particles/crystal/impurities, may change the final dimensions 

of AgNWs, and would also decrease the yield of AgNW product. When dissolving AgNO3 in 
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ethylene glycol, it is recommended that the sonication time does not go over 5 min. The solution 

will turn to a slightly darker color when the sonication time is over 10 min, and the final AgNW 

product that utilized such AgNO3 precursor tend to have more nanoparticle impurities in the 

solution. Besides, it is important to make sure that the reaction temperature is constant during the 

entire synthesis. Our temperature ramping study shows that the length of AgNWs cannot be 

guaranteed if the reaction temperature drops over 5℃ for more than 5 min during any phase of the 

reaction. In addition, although it is proven that magnetic stirring during the growth phase of the 

reaction will decrease the length of the final AgNW product, this consideration is not as important 

as the other reaction parameters such as reaction temperature and time. Therefore, if one needs to 

apply stirring throughout the entire reaction to ensure that the temperature of the reaction solution 

is homogeneous, one should put temperature as a priority. Some future processing with AgNWs 

could shorten the length of nanowires, and one should keep this in mind in order to produce 

AgNWs of ideal dimensions for their specific applications. 

 

 
Figure 2.4 AgNWs stored in ethanol after purification. 
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     2.2.3 Protocol for silver nanowire synthesis with a thermostatic bath 

Although it is simple and convenient to use basic laboratory equipment such as a hot plate 

and a flat beaker to synthesize nanomaterials, it is difficult to scale up the production with this 

setup. Therefore, we also applied a second setup using a thermostatic bath to mass-produce 

AgNWs, as shown in Figure 2.3 (b). We used a DF-101S heat-gathering style magnetism mixer as 

the thermostatic bath. Silicone oil was added directly into the bath, and a 1L reaction flask was 

suspended in the oil. The synthesis procedure is the same as the protocol for using a hot plate, and 

the scaled-up parameters are listed in Table 2.2. This approach scales up production of AgNWs by 

at least 3-fold. Since a much larger volume of solution is used in this approach compared to the 

hot plate approach, it is advised to slowly heat up the silicone oil and the reaction solution before 

adding AgNO3 precursor to ensure that the solution temperature is homogeneous. 

 

Table 2.2. Reagent specifications for AgNW synthesis with a thermostatic bath. 

Reagent Mass Volume of ethylene glycol 

CuCl2 

AgNO3 

PVP (MW ~55,000) 

PVP (MW ~360,000) 

1.62 mg 

1.44 g  

285 mg  

855 mg  

480 mL 

66 mL 

16.5 mL 

49.5 mL 

 

 

2.3 Characterization 

     2.3.1 Chemical analysis 

We first used UV-Vis spectroscopy to quickly examine the final AgNWs product after 

purification and compared the results with prior studies. AgNWs were dispersed in pure ethanol in 

a standard-sized quartz cuvette and then examined by a spectrophotometer (Thermo Scientific 

NanoDrop 2000c). Our samples showed an absorption peak at ~390 nm, which agrees with the 
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studies by Andres, et al[143]. The UV-Vis spectroscopy results provide preliminarily evidence that 

we have successfully synthesized AgNWs. 

 

 
 

Figure 2.5 Absorption spectrum of AgNWs after synthesis and purification, showing an 

absorption peak at ~390 nm.  

 

Energy-dispersive X-ray spectroscopy (EDS) mode of JEOL JSM-6010LA scanning 

electron microscope (SEM) was used to perform elemental mapping on the synthesized nanowires. 

A sample was prepared following the typical SEM sample preparation on an SEM mount. The 

EDS results shown in Figure 2.6 agreed with UV-Vis analysis on chemical characterization and 

confirmed that the synthesized product is silver. Detected carbon is from the carbon tape on the 

SEM mount. 
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Figure 2.6 (a) An SEM image of AgNWs and its corresponding EDS element maps, and (b) EDS 

spectrum of the detected area. 

 

     2.3.2 Microscope imaging 

In order to further characterize synthesized AgNWs, we first applied optical microscope 

imaging with AmScope Darkfield Microscope and Nikon Optiphot 100 to rapidly and conveniently 

check the conditions of nanowires before using more time-consuming visualization methods such as 

SEM and transmission electron microscope (TEM). Optical microscopy visualization gives us good 

idea of the distribution of lengths of AgNWs and the condition of potential impurities in the solution 

(Figure 2.7). To prepare the samples, 3 μL of AgNWs dispersed in ethanol are drop cast onto a glass 

microscope slide that has been previously cleaned with acetone, ethanol, and DI water.  
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Figure 2.7 Optical images of AgNWs taken by (a) AmScope microscope with MU1000 digital 

camera at 40X magnification, showing synthesized long AgNWs and (b) Nikon Optiphot at 20X 

magnification showing short AgNWs. 

 

However, it is also necessary to apply electron microscope imaging to get precise 

dimensions of the synthesized nanowires. We used the secondary electron imaging mode of JEOL 

JSM-6010LA to obtain SEM images (Figure 2.8 (a)). To prepare an SEM sample, 1.5 μm of 

AgNWs suspended in ethanol was drop cast onto carbon tape on an aluminum SEM mount. Once 

the sample is completely dried over an hour, it was sent to the SEM chamber without additional 

treatment with sputter coating. We also took series of SEM images with low magnifications for 

diluted AgNWs to reveal the length distribution of AgNWs. The nanowire lengths were measured 

and analyzed with ImageJ software. Segmented line measurement was used to measure each of the 

nanowires to accommodate their curvy nature. For example, when synthesizing AgNWs at 170℃ 

for 25 min, the measured lengths of nanowires were in the range of 26.98 to 89.51 μm with an 

average of 49.53 μm (Figure 2.9 (a)). Statistics were collected from 15 SEM images showing 152 

nanowires. 
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Figure 2.8 (a) An SEM image of AgNWs. Scale bar is 10 μm. (b) A TEM image of AgNWs for 

diameter measurements. Scale bar is 200 nm. 

 

 

Figure 2.9 Using AgNWs synthesized at 170℃ for 25 min for example, (a) the length distribution 

of AgNWs is measured by ImageJ from SEM images, and (b) the diameter distribution of AgNWs 

is measured from TEM images. 

 

In addition, we used JEOL JEM-2000FX and FEI Talos F200X to take TEM images of 

AgNWs. TEM imaging allows us to check the surface conditions of AgNWs and to obtain accurate 
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information on the nanowire diameters. AgNWs samples were drop cast and dried onto 200-mesh 

copper grids with a formvar film covered with a light layer of carbon (Ted Pella, 01800-F). They 

were then imaged at an accelerating voltage of 200 kV. Images of the ends of nanowires proved 

that the synthesized nanowires are pentagonal rods as previously reported[77]. Using the same batch 

of AgNWs, a total of 41 nanowires were measured from 18 TEM images using ImageJ. Their 

diameters are in the range of 63.9 to 118.3 nm, with an average of 91.9 nm (Figure 2.9 (b)). 

Furthermore, we took a series of TEM images following a single AgNW, then processed the 

images with the MosaicJ plugin by ImageJ to stitch the images into one to reveal the curvature of 

AgNWs (Figure 2.10). We analyzed the curvature of AgNWs by calculating the ratio of the length 

of the nanowire to the distance between the two ends of the nanowire. We obtained an averaged 

ratio of 1.054, measured and calculated from 18 nanowires.  
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Figure 2.10 Stitched images of a single AgNW (a) from 10 TEM images and (b) from 5 TEM 

images for curvature calculation. 

 

2.4 Conclusions and future directions 

We performed a parametric study to determine the influence of major synthesis conditions 

on the dimensions of the final AgNW product. We especially investigated the influence of reaction 

temperature, reaction time, PVP chain length, and stirring condition. When using PVP as the 

capping agent for AgNW synthesis, we found that it is optimal to use a mixture of PVP (~55,000) 

and PVP (~360,000) in the mass ratio of 1:3 to support anisotropic growth and to prevent forming 

a foaming supernatant layer during the reaction. We also determined that magnetic stirring should 

be stopped at the beginning of the growth phase, where seeds are about to grow into the wire shape, 

to support growing long nanowires. Extended stirring during the growth phase was shown to 
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disturb the growth of long nanowires. We researched beyond the one-pot polyol-mediated 

procedures reported by Andres et al. and formulated a protocol to synthesize AgNWs using a hot 

plate or a thermostatic bath. Our robust method effectively produced AgNWs with an averaged 

length up to 68.1 μm. We also examined different reaction temperatures and durations to fabricate 

shorter AgNWs from 21 μm to 68.1 μm. Besides, we used UV-Vis spectroscopy and EDS for 

chemical characterization of the produced nanowires and proved their silver nature. We also used 

optical imaging, SEM, and TEM to visualize the nanowires. We used SEM images to measure the 

length distribution of AgNWs and used TEM images to analyze the diameters and curvatures of 

AgNWs.  

One can continue this study by exploring other synthesis parameters and conditions. One 

direction is to study the type and concentration of each of the reagents in synthesis, such as the 

type of chlorinated derivatives as the nucleating agent and potential alternatives to ethylene glycol 

as the reducing agent. One can investigate how these factors influence the dimensions of the final 

AgNW product. Another direction is to continue the exploration of different synthesis setups for 

mass production. The possibility of utilizing novel instruments that are not traditionally used for 

solution-based nanomaterials synthesis can be evaluated (i.e. such as drug dissolution testing and 

analysis apparatus). 
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CHAPTER 3 

Two-Dimensional Silver Nanowire Networks on Glass Substrate 

 

3.1 Introduction and background 

     3.1.1 Two-dimensional silver nanowire-based films 

Most studies on two-dimensional (2D) silver nanowire- (AgNW) based films look into 

their applications in optoelectronic devices, such as touch panels, solar cells, and thin-film 

heaters[98-99]. AgNW-based conductive and transparent films are seen as a great candidate to take 

the place of indium-doped tin oxide (ITO) that are traditionally used in these applications. ITO 

materials have suffered from expensive production costs, and their brittle nature makes them 

undesirable for applications in flexible electronics[95]. Thus, the research on AgNW films made 

with inexpensive methods surged in recent years. However, these studies have a limited focus on 

enhancing the conductivity, transparency, and flexibility of the films, and an in-dept investigation 

on their electrical performance beyond conductivity has been missing. 

     3.1.2 Fabrication methods for silver nanowire-based films 

Commonly, 2D AgNW-based films are made by solution deposition on various substrates. 

Some studies deposit AgNWs in certain patterns to optimize the optical transparency of the films 

for applications in transparent conducting electrodes (TCE). These studies are motivated to form 

conductive pathways with AgNW networks while maximizing the uncovered areas between 

nanowires[100-101]. In other studies, AgNW networks are randomly deposited onto the substrate 

without any controlled patterns. In general, the following deposition methods can be used to 

fabricate 2D films with randomly oriented AgNW networks: spin coating, drop casting, inkjet 

printing, blade coating, Mayer rod coating, and vacuum filtration processing.  
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Spin coating is a convenient method that uniformly spreads a volume of AgNW solution 

with centrifugal force when it is dropped on a spinning substrate. The final thickness, transparency, 

and conductivity of the AgNW film are directly related to the controllable spinning rate and the 

dimensions of AgNWs[102-103]. Spin coating effectively improves upon the disadvantage of the drop 

casting method that may form an uneven distribution of AgNWs due to the coffee-ring effect[104]. 

In the drop casting method, the AgNW solution is dropped onto the substrate without a spin coater. 

Often times, a pretreatment for the substrate surface, such as plasma cleaning, is required to assist 

the uniform distribution of AgNWs when utilizing drop casting[105-106]. Another common method 

to fabricate AgNW films is inkjet printing. Like the other printing methods, the final film 

conditions from inkjet printing are mainly controlled by the parameters related to the nozzle and 

the properties of the AgNW solution. Inkjet printing is especially suitable for AgNWs in the 

smaller range of dimensions (D ~10 µm)[107-108]. Furthermore, another way to spread the AgNW 

solution uniformly onto a substrate is by using a blade or a Mayer rod at a fixed height above the 

substrate surface. Both methods have high requirements for the AgNW solution in order to 

construct homogeneous and scalable films[109]. The Mayer rod method is especially suitable to coat 

large surfaces and is often used to make AgNW films with larger surface areas (W ~20 cm)[110-

111]. Last but not least, vacuum filtration is another method to transfer AgNWs onto the substrate. 

It involves two steps—AgNW networks are first left on a filter paper after the AgNW solution 

goes through the vacuum filtration process, then the networks are transferred and printed onto the 

target substrate[112-113]. This method has the advantage of filtering out unwanted nanoparticle 

impurities with the solvent before the network is transferred to a substrate, but it also has the 

disadvantage of losing a larger amount of materials during processing. 
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     3.1.3 Project Overview 

In this project, we would like to explore the fabrication and characterization of 2D AgNW 

networks built by AgNWs with different surface modifications, because they may display more 

interesting electrical behaviors than do simple conducting electrodes. Specifically, we utilized 

AgNWs with and without polyvinylpyrrolidone (PVP) coatings, as well as Ag-Ag2S core-shell 

nanowires. The Ag-PVP-Ag structure can exhibit resistive switching properties with an applied 

electric field as a result of ionic transport of silver and filament growth through the PVP layer 

between two AgNWs[114,115,116,117,118]. To further investigate this interesting behavior and perhaps 

make use of it for neuromorphic computing applications, we would like to compare the electrical 

responses between 2D networks comprising AgNWs with PVP coatings and networks of bare 

AgNWs without PVP coatings. We also sulfurized nanowire surfaces to fabricate Ag-Ag2S core-

shell nanowires that were combined with AgNWs to build 2D networks. Beyond that, we 

experimented with different fabrication methods to deposit 2D networks on the glass substrate, 

including spin coating, drop casting, blade coating, and dip coating. We determined that the spin 

coating method works the best with our electrical measurement setup and adopted this method to 

effectively make evenly distributed nanowire networks that were later characterized by current-

voltage (IV) curve measurements. 

 

3.2 Surface modifications of silver nanowires 

     3.2.1 Silver nanowires with and without PVP coatings 

The electrical performance of AgNWs and AgNW networks is directly related to their 

surface coatings, since these coating will directly affect contact resistance between neighboring 

nanowires. One common coating to AgNWs is PVP. Using our one-pot polyol method described 
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in Chapter 2, as-synthesized AgNWs naturally have a nanometers-thick PVP residual 

coating[119,120,121]. It has been reported that the PVP coating is between 1.5-3 nm in thickness and 

covers the entire surface of AgNWs[122-123]. It is generally believed that the PVP layer can be 

washed off when AgNWs go through several purification cycles with ethanol and acetone, where 

acetone can remove PVP as well as other residues from synthesis[124-125].  

Since the studies of AgNW films for TCE applications are highly motivated to enhance the 

current flow in the AgNW networks, these studies commonly adapt post-deposition treatments 

such as annealing the percolating network at high temperature or intense pulsed ion beam 

irradiation to remove the PVP coatings and to fuse nanowire-nanowire connections in order to 

lower nanowire junction resistance[126,127,128,129,130]. In our project, we would like to explore the 

nonlinear properties of a network built with AgNWs with insulating PVP coatings, therefore we 

would like to preserve the PVP coatings from synthesis for such purposes. Diaz-Alvarez et al. 

found that the PVP layer can be preserved if AgNWs are purified with isopropanol and DI 

water[109]. We adopted these purification solvents when it is desired to keep the PVP coating over 

the nanowire surface. In contrast, our other goal is to perform the same electrical measurements 

with AgNWs that do not have PVP coatings as a control group. We simply used purification with 

ethanol and acetone to take off PVP coatings to prepare nanowires for these measurements. We 

did not apply any additional treatment to fuse nanowires junctions together as that would change 

the network connectivity of the control group. 

     3.2.2 Ag-Ag2S core-shell nanowires 

Another type of surface modification of AgNWs we explored is to sulfurize AgNWs with 

sulfur particles to fabricate nanowires with silver core and silver sulfide shell. We will refer to 

such nanowires as silver sulfide nanowires (Ag2S NWs) in the following. Ag2S is a narrow-
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bandgap semiconducting material and has great chemical stability[131]. Resistive switching has 

been observed from the structure of Ag-Ag2S-Ag[ 132 - 133 ], thus nanostructured silver sulfide 

materials are often prepared with silver in the form of Ag-Ag2S heterostructures to harvest their 

resistance switching properties for applications in nonvolatile memory devices[134,135,136]. Such 

heterostructures include Ag-Ag2S heterojunction nanowires[ 137 - 138 ], Ag-Ag2S core-shell 

nanoparticles[139-140], as well as Ag-Ag2S core-shell nanowires, which is what we fabricated in this 

project.  

We prepared Ag2S NWs based on a modified method reported by Xiong, et al[129] using 

sulfur particles and AgNWs purified with ethanol and acetone as described earlier. Specifically, 

the stoichiometric amounts of sulfur particles and AgNWs are first separately suspended in 

ethanol. Then, the solutions are combined and mixed at an elevated temperature (~60°C). Once 

the sulfurization process is complete, Ag2S NWs are washed with ethanol to remove any 

potentially unreacted sulfur particles in the solution, and the final materials are suspended in 

ethanol for future use[141]. The microscopy characterization of Ag2S NWs is shown in Figure 3.1. 

We found that AgNWs broke into shorter nanowires during sulfurization with bumpy sulfur and 

Ag2S islands on the surfaces. The average diameter of Ag2S NWs is 135.4 nm, measured from 152 

nanowires recorded by transmission electron microscopy (TEM) images. The average length of 

Ag2S NWs is 25 μm, measured from scanning electron microscopy (SEM) images. For observed 

distributions of measured lengths and diameters see Figure 2.9, above. We also analyzed the 

nanowires with energy dispersive spectroscopy (EDS), as shown in Figure 3.2. 
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Figure 3.1 (a) Scanning electron microscopy (SEM) and (b) transmission electron microscopy 

(TEM) images of Ag2S NWs. Scale bars are 10 μm and 1 μm, respectively. Figure 3.1 (b) was 

taken by Mahshid Hosseini, used with permission. 

 

 
 

Figure 3.2 (a) EDS element mapping of Ag2S NWs, and (b) EDS spectrum of the detected area. 

 

3.3 Fabrication of two-dimensional silver nanowire networks 

We explored several common methods to deposit AgNWs onto a flat substrate: blade 

coating, dip coating, drop casting, and spin coating. When we first applied the blade coating 

technique for the glass microscope slide surface, we found that it is essential to control to flow of 
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the AgNW solution and the height and angle of the blade to be able to coat the substrate evenly. 

Due to the manual factors during coating, we found it more difficult to produce films with an even 

distribution of nanowires and to maintain a high reproducibility with the blade method. Besides, it 

is also harder to tune the surface fraction of the glass substrate covered by AgNWs with blade 

coating, so we moved on to examine dip coating. While dip coating shows a better nanowire 

distribution compared to blade coating, we found that it is more vulnerable to any potential 

impurities in the AgNW solution and the particle impurities tend to remain on the edge of the glass 

substrate after drying. Also, there is a waste of material from dip coating, and it is also more 

difficult to control and reproduce the final surface fraction of nanowires. Due to these reasons, we 

moved on to test drop casting. With drop casting, it is more convenient to aim at the target area 

(near or between electrodes, for example) and to control the final surface fraction of AgNWs. 

However, we experienced the coffee-ring effect from drop casting, with a very high concentration 

of nanowires trapped in the outer circumference of the drop. Although we could manually erase 

the perimeter of the coated area, this post-deposition process may alter the nanowire networks and 

thus is not ideal. Therefore, after exploring different types of deposition methods, we chose spin 

coating to create 2D nanowire networks. 

To deposit nanowire networks on the glass substrate, we first cleaned the microscope glass 

slide with ethanol and acetone, then rinsed it with DI water. After the glass slide substrate was 

completed dried, we placed it in a plasma cleaner (Harrick Plasma, PDC-32G) and allowed 1 min 

of plasma treatment. Once the substrate was cleaned and treated, it was placed on a spin coater 

(Instras Scientific, SCK-300P, shown in Figure 3.3). The vacuum system was then turned on to 

secure the substrate on the coater. Then, the spin coater was started at a low rotational speed (250 

rpm), and the desired volume of AgNW or AgNW/Ag2S NW solution (15-20 μL) was dropped on 
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the substrate, aiming at the center of the coater. Then, we adjusted the spinning setup to the desired 

rotational speed (850-1000 rpm) to spread the solution. The coater was stopped after the solvent 

evaporates, and a uniform network was left on the surface of the glass substrate. The surface 

fraction of the final network is controlled by the initial concentration of the AgNW solution and 

the spinning settings. After a nanowire network was formed, the transparency of multiple spots of 

the substrate was examined with a broad spectral range spectrometer (ASEQ Instruments, LR1-B) 

to ensure that the network is uniformly distributed on the substrate. 

 

 

Figure 3.3 The spin coating setup. 

 

3.4 Electrical characterization 

     3.4.1 IV curve measurements of silver nanowire with and without PVP coatings 

We explored the IV curve characterization of AgNW networks composed of AgNWs with 

different surface conditions: AgNWs with PVP coatings, bare AgNWs without PVP coatings, and 

a mixture of nanowires that have Ag cores with Ag2S surfaces (Ag-Ag2S core-shell nanowires) 

and AgNWs without PVP coatings. For IV curve measurements, a 2D AgNW network with one 

type of the above surfaces was first deposited onto a glass substrate using the method described in 

section 3.3. Then, the glass substrate with deposited network was contacted with two parallel line 
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electrodes made by copper that have a fixed gap distance between 1-5 mm by clamping the glass 

substrate over the electrodes with fixed pressure. The electrodes were connected to a two-channel 

source/monitor unit module (Agilent Technologies E5272A), and the glass substrate with sample 

was placed inside a Faraday cage (Hewlett Packard Test Fixture Analyzer 16058A) during 

measurements to block interference from the external environment. 

First of all, we compared the 2D networks composed of AgNWs with and without PVP 

coatings using IV curve measurements. We also explored with both long AgNWs with an average 

length of 49.5 μm (referred to as “long AgNWs” in the following) and short AgNWs with an 

average length of 25.7 μm (referred to as “short AgNWs” in the following) to fabricate the 

networks. In either case, AgNWs synthesized from the same batch (i.e. and thus with the same 

dimensional conditions) were purified separately in two conditions—half of the batch was washed 

with ethanol and acetone to take off the PVP coating in order to obtain bare AgNWs, and the other 

half of the batch was washed with isopropanol and DI water to reserve the PVP layer to obtain 

AgNWs with PVP coatings. The final AgNW solutions were all adjusted to the same concentration 

of 0.75 mg/mL. Then, the four types of AgNW networks made with (i) long AgNWs with PVP 

coatings, (ii) long AgNWs without PVP coatings, (iii) short AgNWs with PVP coatings, and (iv) 

short AgNWs without PVP coatings were characterized using IV curve measurements. For each 

network, we applied 10 consecutive positive and negative voltage pulses at either 5 V or 10 V and 

recorded the current outputs. The IV responses of networks built with long AgNWs with and 

without PVP coatings are shown in Figure 3.4, and the IV responses of networks built with short 

AgNWs with and without PVP coatings are shown in Figure 3.5.  



   

 

 

52 

 

 

Figure 3.4 IV curve measurements of AgNW networks built by long AgNWs (a-b) with and (c-d) 

without PVP coatings. (a, c) were recorded with voltage pulses at ±5 V, while (b, d) were recorded 

with pulses at ±10 V. Legends show the pulse number. 

 

As shown in Figure 3.4, we observed that 2D AgNW networks with PVP coatings exhibit 

hysteresis loops and variation in the resistance at different given pulses. The PVP coatings served 

as an insulating layer where Ag ion migrations took place and conductive filaments formed. From 

Figure 3.4 (a), it is likely that different current pathways from the network were activated and 

recorded during different voltage pulses. In addition, the network composed of AgNWs without 

PVP coatings showed higher conductivities than networks composed of AgNWs with PVP 

coatings, which agrees with previous TCE studies that the PVP layer hinders the performance of 
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AgNWs in building a highly conductive 2D film. Although we didn’t anneal the AgNW junctions 

or provide any other post-treatments as the reported TCE studies, we proved that we can still 

increase the conductivity of the nanowire network merely by taking off the PVP layer. Furthermore, 

we also observed that at this low nanowire concentration, AgNWs without PVP coatings also 

exhibit a slight tendency towards nonlinearity with high supplied voltage pulses (Figure 3.4 (d)). 

The overall observations from networks of long AgNWs echo with the observations from 

networks of short AgNWs with and without PVP coatings (Figure 3.5). We first prepared AgNW 

solution with short nanowires that has the same concentration as the long AgNW nanowire (0.75 

mg/mL). However, a deposited nanowire film from this concentration did not reach percolation as 

the short nanowires were not able to effectively build percolation pathways. Then, we increased 

the solution concentration to 1 mg/mL, and the IV responses of a network deposited from this 

concentration were recorded in Figure 3.5 (a-b). Similar to the IV curves from long AgNWs with 

PVP coatings, the ones measured from short AgNWs with PVP also exhibit resistive switching in 

response to different voltage pulses. We then characterized short AgNW without PVP coatings 

from the same solution concentration as the long AgNWs (0.75 mg/mL). As expected, we observed 

a decrease in the conductivity of the network built from short AgNWs (Figure 3.5 (c-d)). The 

tendency towards nonlinearity at higher voltage pulses was also observed from the network built 

with short AgNWs without PVP coatings (Figure 3.5 (d)). 
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Figure 3.5 IV curve measurements of AgNW networks built by short AgNWs (a-b) with and (c-

d) without PVP coatings. (a-b) The networks were deposited from solution with the concentration 

of 1 mg/mL and (c-d) was from solution with concentration of 0.75 mg/mL. (a, c) were recorded 

with voltage pulses at ±5 V, while (b, d) were recorded with pulses at ±10 V. Legends show the 

pulse number. 

 

     3.4.2 IV curve measurements of silver nanowire and silver-silver sulfide core-shell 

nanowires 

After examining the networks built with AgNWs with and without PVP coatings, we 

prepared and examined 2D networks that combined AgNWs and Ag-Ag2S core-shell nanowires 

in the mass ratio of 1:10. We used the same setup and testing conditions to run IV curve 
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measurements. The goal of this study is to provide preliminary observations for the electrical 

measurement of 3D composites comprised of AgNWs and Ag2S NWs.  

As shown in Figure 3.6, the 2D network of AgNWs and Ag2S NWs also exhibited nonlinear 

behaviors. Here, similar to the PVP coating, the Ag2S layer between AgNWs structure enables 

tunneling of Ag ions and the formation of conductive filaments through the Ag2S layer under an 

applied voltage, which was shown by the current fluctuations and the narrow hysteresis loops from 

the IV curves. This nonlinear behavior has previously been observed and reported by studies on 

the individual Ag-single Ag2S-Ag structure[142]. Unlike the observations from single Ag2S device, 

the network of Ag-Ag2S-Ag configuration we fabricated using nanowires did not exhibit a sharp 

switching process showing by the significant difference in sweeping cycles. With that being said, 

the current increased slightly after the first positive and negative sweep, indicating the switching-

on process. The IV curve responses of this 2D network will be compared later in Chapter 4 with 

the electrical behaviors of our 3D AgNW-Ag2SNW networks embedded in polymer-based 

composites.  

 

 
 

Figure 3.6 IV curves of a 2D network built by AgNWs and Ag2S NWs. Legend shows the pulse 

number. 
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3.5 Conclusions and future directions 

As a summary, we studied the deposition and characterization of 2D AgNW networks on 

the glass substrate and the influence of nanowire lengths on the conductivity of the final networks. 

We measured and compared networks of AgNW with different surface conditions: with and 

without PVP coatings, and with Ag2S shells. We examined the final 2D nanowire network 

conditions fabricated from spin coating, drop casting, dip coating, and blade coating. Among these 

deposition methods, we observed that spin coating demonstrated the best performance in 

fabricating a homogeneous nanowire network. Therefore, we used spin coating to fabricate 

AgNW-based networks on glass substrates and explored the conductivity and nonlinearity of the 

Ag-PVP-Ag and Ag-Ag2S-Ag structures with IV curve measurements. We observed that a network 

comprised of AgNWs without PVP coatings showed increased conductivity compared to a 

network at the same concentration comprised of AgNWs with PVP coatings. Besides, the IV curve 

measurements showed that it was likely different current pathways were taken at different given 

pulses from the networks of AgNWs with PVP coatings. This study serves as the first step towards 

the investigation of 3D nanowire networks that will be reported in reported in Chapter 4. 

As a future step to this project, one can explore the relationship between the surface fraction 

of the glass substrate covered by a AgNW network and the conductivity of the network. For this 

study, one can continue to use a spectrometer to measure transmission or analyze microscopy 

images to characterize the surface fraction covered by nanowires. Then, a four-point probe system 

designed to measure sheet resistivity can be used to test the surface conductivity of the network. 

In addition, one can further formulate the relationship between the concentration of AgNW in the 

solution and the surface fraction of the 2D AgNW network once the nanowires are deposited on 

the glass substrate. This study will also allow fellow researchers to verify the uniform deposition 
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of nanowires. Last but not least, another further step of this project is to tune the ratio of AgNWs 

and Ag2S NWs being used to make a combined network. One can study how the amount of Ag2S 

NWs influences the electrical behavior of the combined network. 
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CHAPTER 4 

Fabrication and Characterization of Nanowire-Polymer Composites 

 

4.1 Introduction and background 

     4.1.1 Background 

In recent years, there have been numerous studies on polymer-based composites that 

exhibit nonlinear conductive properties. In these studies, the composites are composed of dispersed 

phase materials that show nonlinear characteristics, such as zinc oxide nanowires (ZnO NWs)[ 143], 

graphene nanoplatelets[144], and carbon nanotubes (CNTs)[145,146,147]. Usually, these fillers are 

embedded in the polymer matrix by solution blending to make composites with certain applications 

in electronic devices[148]. However, the state-of-the-art nano/micromaterial-polymer composites 

being reported are composite thin films and thus are not truly three-dimensional (3D) composites. 

Even fewer studies had a focus on wire-shaped dispersed phase material. Therefore, there is a 

considerable need for the investigation of 3D nanowire-polymer composites that exhibit interesting 

nonlinear characteristics. 

     4.1.2 Fabrication of polymer-based composites 

Polymer solubility and dissolution behavior plays a key role in composite integration. The 

dissolution process and condition of polymers determine their capability of being used as the 

continuous phase of the a composite[149]. To make a composite with a polymeric matrix, a solution 

of dissolved polymer can be combined with a solution containing the dispersed phase materials[140]. 

With proper mixing and once the solvent evaporates from the mixture, a solid phase composite 

can be formed. During this process, parameters such as temperature and external agitation can 

greatly influence the dissolution of the polymer and the integration of the dispersed phase. It is 



   

 

 

63 

believed that agitation prevents the formation of a gel layer during polymer dissolution as the 

solvent penetrates the polymer[141-150]. Therefore, it is desirable to apply stirring during the process. 

In our project, we paid special attention to the polymer dissolution process during composite 

fabrication to ensure high quality and good reproducibility of the overall dispersion and 

integration. 

     4.1.3 Project overview 

In this project, we explored composite fabrication and characterization using different 

types of polymers as the continuous phase to integrate nanowires, such as silver nanowires 

(AgNWs) and silver sulfide nanowires (Ag2S NW), into a polymeric matrix. Specifically, we 

tested thermoplastic polymers such as polycaprolactone, thermosetting polymers such as epoxy 

resin, polydimethylsiloxane (PDMS), and acrylic plastic casting, elastomers such as EcoflexTM 

silicone rubber compound, as well as biopolymers such as agarose and nanocellulose. One 

objective of this project is to identify the desirable solvents to suspend AgNWs that allow 

homogeneous embedding of nanowires into a polymeric matrix. The second objective is to 

determine a reliable process to integrate the dispersed phase material in the continuous phase 

material. We performed characterization of the surface and internal microstructures of the final 

composites, as well as the dispersed phase materials before being embedded. In addition, we have 

conducted electrical measurements to characterize the electrical response of the AgNW-based 

composites. 

The fabrication and characterization of nanowire-polymer composites provided an initial 

approach for us to quickly and inexpensively identify important information required for our 

further studies—using molecular self-assembly techniques to organize neuromorphic 

architectures, nanocircuits, and nanoelectronics. The composites fabricated during this project, 
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especially the polycaprolactone-based composites, served important roles in optimizing the setup 

for electrical measurements and determining the desirable concentrations of the dispersed phase 

materials to provide percolated networks within the final composites. Moving forward, by 

exploring biocompatible materials such as agarose and nanocellulose, we were able to prepare 

nanomaterial networks assembled in a hydrogel and were able to study composites of different 

states, which gave us insight into nanomaterials assembled in DNA-based hydrogels. As a 

summary of the various composites surveyed, Table 4.1 lists the combinations of dispersed phase 

materials and continuous phase materials that have been explored and tested in this. Besides 

AgNWs and Ag2S NWs, we also studied dendritic silver structures (Ag dendrite), ZnO NWs, and 

CNTs as the dispersed phase.   

 

Table 4.1 Composite combinations—dispersed phase explorations in different continuous phases. 

 AgNW Ag2S NW Ag dendrite ZnO NW CNT 

      

     Thermoplastic polymers: 

Polycaprolactone X X  X  

      

 

     Thermosetting polymers: 

Epoxy resin  X   X 

Instant epoxy 

Acrylic plastic casting 

PDMS 

 

 

X 

X 

 

X 

X 

 

X 

 X 

X 

 

 

 

     Elastomer: 

EcoflexTM (00-30) X     

 

 

     Biopolymers: 

Agarose X X X  X 

Nanocellulose X X    
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4.2 Three-dimensional nanowire-polymer composites 

     4.2.1 Nanowire dispersion 

We prepared or acquired five types of dispersed phase materials for this project. ZnO NWs 

(D: 50-120 nm, L: 5-50 μm) were purchased from ACS Materials. CNTs (multi-walled carbon 

nanotube, >98% carbon basis, D: 6-13 nm, L: 2.5-20 μm) were purchased from Sigma-Aldrich. 

AgNWs were synthesized with a polyol-mediated method modified from the protocol reported by 

Andres et al.[151] and described in Chapter 2. Synthesized AgNW were dispersed in ethanol (pure, 

200 proof, Sigma-Aldrich) for storage to prevent oxidation. To fabricate Ag2S NWs, the amounts 

of AgNWs and sulfur particles required in the reaction were calculated stoichiometrically. Next, a 

sulfur solution was made by dispersing measured sulfur particles in ethanol via bath sonication, 

and the solution was added to the AgNW dispersion in ethanol to allow sulfurization of nanowires. 

The mixture was set on a hot plate at around 60°C for about 10 minutes to allow the conversion to 

complete, which was indicated by the color of the solution switching to dark brown. Resulting 

Ag2S NWs were left suspended in ethanol until further usage. The dendritic silver structures were 

fabricated based on an adapted method reported by Yang et al[152]. This approach grows Ag 

dendrites by using copper to reduce Ag+ in silver nitrate solution. In short, 50 mM silver nitrate 

(AgNO3; >99%, Sigma-Aldrich) solution was first prepared in DI water. It was then drop cast on 

the edge of a copper film to grow Ag dendrites. After 1 min, the surface was rinsed carefully with 

DI water to stop the reaction.  

The first study for the integration of nanowire-polymer composites was to determine the 

dispersion conditions of AgNWs in different types of solutions. We wanted to determine the best 

solution conditions in which to disperse AgNWs, which would also allow polymer dissolution for 

specific types of polymer as the continuous phase of the composites. During this study, we found 



   

 

 

66 

that AgNWs could be well dispersed in isopropanol, chloroform, and ethanol. However, we found 

that hexane and toluene did not support good dispersion, as AgNWs would agglomerate and settle 

to the bottom of the container when dispersed in these two solvents. For this reason, hexane and 

toluene were not considered for further integration of AgNWs into a polymeric matrix, although 

they can effectively lower the viscosity of certain polymers (i.e. PDMS), which assists polymer 

dissolution. In the meanwhile, chloroform can also effectively dissolve polymers like 

polycaprolactone, thus we mainly used chloroform (With 0.75% ethanol as preservative, Fisher 

Scientific) for such purposes. In addition, ethanol was used to disperse Ag2S NWs and ZnO NWs, 

and a short period of bath sonication (<1 min) was applied to assist dispersion. CNTs were 

dispersed in DI water via bath sonication with sodium dodecylbenzenesulfonate (SDBS, technical 

grade, Sigma-Aldrich) detergent at the concentration of 40 mg/L. We also found that it is possible 

to perform solvent exchange for AgNW, Ag2S NW, or ZnO NW solutions to substitute ethanol for 

chloroform. Therefore, we performed solvent exchange of dispersed phase into chloroform when 

a polymer was dissolved in chloroform before composite integration. 

     4.2.2 Composite integration 

PDMS is frequently used to integrate AgNWs into films for applications in stretchable, 

transparent, and conductive 2D films[153,154,155]. With this inspiration, we explored the possibilities 

of embedding AgNWs and Ag2S NWs into PDMS to assemble 3D composites. To make such 

composites, PDMS (SYLGARD 184, Dow Corning) was first prepared by mixing the base and 

hardener components in a 10 : 1 ratio. Then, the mixture was degassed quickly in a vacuum 

chamber while it was in the liquid state. In the meantime, the desired volume of AgNW solution 

was prepared. The AgNW solution was then added to the PDMS reaction mixture and the sample 

was placed on a hot plate at 70°C with constant magnetic stirring. As the reaction proceeds and 
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solvent evaporates, the mixture becomes more and more viscous. The viscous mixture was 

transferred and casted in the mold with the ideal shape and dimensions for the final composite. We 

noticed that among the solvents we explored chloroform evaporates most slowly from PDMS. 

Because of that, more AgNWs settled at the bottom of the mixture during the evaporation process, 

and the final composite was observably inhomogeneous. Therefore, we suggest the usage of 

isopropanol or ethanol in preparing AgNW solution for further integrations with PDMS. Similarly, 

the composites made with acrylic plastic casting (Electron Microscopy Sciences), epoxy resin 

(Embed-812 resin, DDSA (Dodecenyl Succinic Anhydride Specially Distilled), NMA (Methyl-5-

Norbornene-2,3-Dicarboxylic Anhydride), DMP-30, Electron Microscopy Sciences), or instant 

epoxy (Devcon) were processed by mixing multiple parts of the commercial products in the 

suggested ratios. 

Another type of continuous phase we explored was EcoflexTM silicone rubbers (00-30, 

Smooth-On). Ecoflex rubbers are platinum-catalyzed silicones, a type of pre-strained stretchable 

elastomer. It is cured from a 1:1 ratio mixture of two components under room temperature. It is 

commonly used to make soft, translucent, and stretchable molds and films[156-157]. Therefore, we 

were inspired to explore its performance in making stretchable and conductive 3D gels with 

AgNWs. These composites will allow us to measure the electrical properties of the composites in 

different configurations—the embedded AgNW networks can be easily modified by stretching the 

composite, which allows us to quickly collect information on the electrical characteristics of the 

composites. Another advantage of using Ecoflex is that it can be cured without external heating, 

and the slow curing process (i.e. four hours) after mixing two parts will provide sufficient time for 

us to perform the integration processes. 
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Since our eventual goal is to use biomolecules to assemble nanomaterials into a 3D 

networks, it is beneficial to also test biocompatible polymers. Therefore, we studied agarose- and 

nanocellulose-based hydrogel composites. Agarose is a polysaccharide extracted from red seaweed. 

Its sol-to-gel transition property allows for easy formation of hydrogel upon cooling[158]. When 

making agarose-based hydrogels, the powder form of low melting point agarose (UltraPureTM 

agarose, ThermoFisher Scientific) was first mixed with DI water that gives a final agarose 

concentration of 3.5-4 wt% in the composite. Then, the mixture was heated on a hot plate to bring 

the solution to boiling while stirring. The solution was heated until all the agarose powder was 

completely dissolved. After that, the AgNW suspension was added and mixed into the agarose 

solution, which was then transferred to a casting tray. The cast was then place in a refrigerator to 

lower the temperature and to allow the hydrogel formation. The sample was stored at 4°C until 

further testing and characterization. 

Of all the combinations of dispersed phase materials and continuous phase materials we 

explored (Table 4.1), we found that the best combination to support further electrical 

characterization was AgNW-Ag2S NW-polycaprolactone composite. Among these thermoplastic 

and thermosetting polymers listed in Table 4.1, polycaprolactone-based composites showed the 

best homogeneity during mixing, which is a key factor for reproducibility and to gain controls over 

the final embedded networks. Processing polycaprolactone also allows us to control its viscosity 

when it is dissolved, which is another advantage that the other types of thermoplastic and 

thermosetting polymers do not have. Therefore, all the following electrical characterization 

reported in Section 4.5 are measured from polycaprolactone-based composites, and a more detailed 

protocol to fabricate polycaprolactone-based composites is given in Section 4.3. Although Ecoflex 

is also able to support homogeneous integration of nanomaterials, the electrical responses of 
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Ecoflex-based composites were more difficult qualified due to its stretchable nature and porous 

appearance. With the goal of using the 3D composite samples as testing materials to optimize our 

electrical measurement setups, polycaprolactone remains the most desirable polymer from Table 

4.1 for this project. 

 

4.3 Method for composite fabrication 

The relationship between nanowire volume fraction and weight fraction to the entire 

composite can be calculated based on the densities of the dispersed phase material and the 

continuous phase material. As a modification from a publication by Park et al.[159], the following 

equation was used, 

Φ𝑁𝑊 =

𝑊𝑓∙𝑁𝑊

𝜌𝑁𝑊

𝑊𝑓∙𝑁𝑊

𝜌𝑁𝑊
+

𝑊𝑓∙𝑃𝐶𝐿

𝜌𝑃𝐶𝐿

  

 

where Φ𝑁𝑊 , 𝑊𝑓∙𝑁𝑊 , and 𝜌𝑁𝑊  are nanowire volume fraction, weight fraction, and density, 

respectively. 𝑊𝑓∙𝑃𝐶𝐿 and 𝜌𝑃𝐶𝐿 are weight fraction and density of the polycaprolactone matrix. To 

fabricate a composite with a specific volume fraction of nanowires, the mass of AgNWs (or another 

type of nanowire filling, such as Ag2S NWs) and polycaprolactone were calculated accordingly. 

Then, based on the concentration of AgNWs in ethanol, the required volume of AgNW solution 

was calculated.  

Polycaprolactone (average MW ~14,000, Sigma-Aldrich; InstaMorph Moldable Plastic, 

InstaMorph) was purchased as solid pellets that melt and reshape above 66°C. The fabrication 

method for polycaprolactone-based composite was modified based on the protocol developed by 

Nikolay Frick[160]. To embed nanowires in the polycaprolactone matrix, the calculated amounts of 
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AgNWs and Ag2S NWs that both dispersed in ethanol were combined and mixed first. Then, a 

small volume of chloroform (~2 mL chloroform for 40 mg polycaprolactone) was added to the 

polycaprolactone pellets, and stirring was applied to assist the dissolution of polycaprolactone. 

Once the polycaprolactone pellets became transparent and were all dissolved in chloroform, the 

ethanol suspension with AgNWs and Ag2S NWs was added to the mixture while stirring (Figure 

4.1 (a)). The mixture becomes more and more viscous as chloroform and ethanol evaporate. Then, 

the viscous mixture was transferred to a desired casting mold (that could be connected to an 

electrode array, as shown in Figure 4.1 (b); or in a centrifuge tube, with the resulted sample shown 

in Figure 4.1 (c)), which was then placed under vacuum for final degassing. When suitable, an 

electrode array should also be inserted into the viscous mixture at this time (Figure 4.1 (c)). The 

electrode array shown in Figure 4.1 (c) was conceptualized by Nikolay Frick then fabricated by 

Mahshid Hosseini. Once all the solvents evaporate, a solid composite will be left with embedded 

nanowires.  
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Figure 4.1 (a) The mixture of dissolved polycaprolactone in chloroform and AgNW solution. 

Photo was taken before the solvents evaporated. (b) Final AgNW-polycaprolactone composite 

connected to an electrode array. 4 vol% AgNWs were embedded in the polycaprolactone matrix. 

(c) A AgNW-Ag2S NW-polycaprolactone composite attached to an electrode array. 0.4 vol% 

AgNWs and 4 vol% Ag2S NWs were embedded in the polycaprolactone matrix. 

 

4.4 Characterization 

We designed three approaches in characterizing the composites material comprising of 

silver-based nanowires in a polymeric matrix. The first approach was to characterize the dispersed 

phase materials deposited onto a 2D substrate. This approach allowed us to reveal the natural 

morphology of the silver-based materials before they are integrated into a continuous phase. Here, 

we present the 2D characterization of three types of materials: AgNWs, Ag2S NWs with silver 

cores and sulfur-modified surfaces, and dendritic silver structures. The microscopic 

characterization of AgNWs can be found in Chapter 2. SEM images of Ag2S NWs can be found 

in Chapter 3. Microscopic characterization of silver dendrite is shown in Figure 4.2. Here we 

observed that Ag2S NWs are much shorter than AgNWs after the sulfurization process. Ag2S NWs 

also have a greater averaged diameter than AgNWs because of the sulfur particles and islands on 

the nanowire surfaces. We also imaged a nanowire networks that combined AgNWs and Ag2S 



   

 

 

72 

NWs, as shown in Figure 4.2 (c). We often used this combination in polycaprolactone-based 3D 

composites. Figure 4.2 (c) shows both long AgNWs and short Ag2S NWs that are randomly 

oriented and connected. 

In addition, we examined silver dendrite samples that show dendritic structures that are 

more neuromorphic than nanowires. The optical microscope image Figure 4.2 (a) at a low 

magnification shows the amorphous and self-assembled silver nanocrystals in the branching tree 

and trunk structures. When comparing this optical image with SEM images (Figure 4.2 (b)), we 

determined that the growth of silver dendrites naturally form a heterostructure network comprising 

of nanocrystals and connections in different dimensions. This feature provides interesting 

conductivity pathways, and thus silver dendrites are seen as a great candidate material with which 

to build neuromorphic networks.  

 

 

Figure 4.2 (a) Optical microscopy and (b) SEM images of silver dendrites. Scale bars are 400 μm 

and 10 μm, respectively. (c) SEM image of the combination of AgNWs and Ag2S NWs. Scale bar 

is 10 μm. 

 

In the second approach, we moved forward to characterize the 3D composites comprising 

of the dispersed phase materials in different types of continuous phase materials. In this approach, 
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however, the composites might have been undesirably altered when preparing samples for 

characterization. In this case, either the outer surfaces of the 3D samples were characterized 

directly, or the samples were cut with different techniques to expose the internal network structure. 

However, in either case, the characterization would only provide a general idea on the embedded 

networks but would fail to bring the unaltered morphology of nanostructures embedded in the 3D 

composites. The value of this approach is to allow us to compare the network morphology at the 

surfaces of 3D composites with their internal network structures, and to study how the shear and 

compression forces from cutting may have modified the internal structures of a polymeric 

composites. Figure 4.3 (a-b) presents the SEM images of the surfaces of AgNW-based composites. 

Figure 4.3 (a) was taken from a composite comprising of AgNWs and polycaprolactone, similar 

to the one shown in Figure 4.1 (b). This SEM image shows that AgNWs are evenly integrated into 

the polycaprolactone matrix and are accordant with the shape of the final composite. Figure 4.3 (b) 

shows a dehydrated sample that used nanocellulose to integrate AgNWs. We found that some 

nanowires were broken or twisted during the dehydration process, and these nanowires no longer 

appear straight or in their natural curviness. For this reason, we chose to use polycaprolactone as 

the polymeric matrix for further studies, as polycaprolactone supports further electrical 

measurements without disturbing the appearance and connections of AgNWs.  

Moving on, we also studied the integration of multiple types of dispersed phase materials 

into the polycaprolactone matrix. Specifically, we explored assembling 1-5 vol% of Ag2S NWs 

with 0.25-2 vol% AgNWs in the composite. Figure 4.3 (c-d) are SEM images of a AgNW-Ag2S 

NW-polycaprolactone composite comprising of 0.5 vol% AgNWs and 5 vol% Ag2S NWs. By 

comparing these two images with Figure 4.2 (c), we could clearly see the differences in nanowire 

morphology before and after they are assembled into a 3D composite. The SEM images of 3D 
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samples clearly show the clumpiness of short Ag2S NW networks. The images also reveal that 

long AgNWs help to connect these regional and smaller networks built by Ag2S NWs. The 

combination of AgNWs and Ag2S NWs allowed us to introduce and to study clumpiness of the 

network. The surfaces shown in figure 4.3 (c-d) were exposed by manually cutting the composite 

to reveal its internal structures. However, some nanowires might have been shifted due to shear 

and compression forces during the cutting process.  

 

 

 
 

Figure 4.3 SEM images of the surfaces of (a) AgNW-polycaprolactone composite and (b) AgNW-

nanocellulose composite. Scale bars are 20 μm and 5 μm, respectively. (c-d) SEM images of the 

cutting of AgNW-Ag2S NW-polycaprolactone composite, showing long AgNWs and short Ag2S 

NW network. Scale bars are 10 μm. 
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Finally, the goal of the third approach was to reveal and identify the unmodified 

morphology of internal nanowire structures embedded in the polymeric matrix. In this approach, 

we would like to explore different characterization methods to expose the embedded 3D 

nanostructures without interfering or altering their appearance. This approach was closest to 

demonstrating the actual connection, direction, and concentration of embedded silver-based 

materials, which provided valuable information to assist us to understand the electrical behavior 

of the composites. In the following, we will present three characterization techniques that can 

reveal the embedded nanowires in the composites without modifying their microstructures—

cryogenic electron microscopy (cryo-EM), micro-computed tomography (micro-CT), and nano-

computed tomography (nano-CT). 

We first used a 3D X-ray tomography technique, micro-CT (Bruker SkyScan1174), to 

quickly examine the homogeneity of the polycaprolactone-based composites. Micro-CT is a non-

destructive imaging technique that produces a 3D reconstruction of an object to reveal its internal 

structure[161]. One issue that may arise from using a polymeric matrix to assemble dispersed phase 

materials is that the dispersed phase may not be homogeneously embedded, and a gradient of 

concentration could form. Therefore, micro-CT is a quick and convenient tool to check the 

consistency and uniformity of nanowire distribution within the composites before further studies. 

Figure 4.4 (a) shows a reconstructed structure based on 364 scans of a composite sample 

comprising of 0.5 vol% AgNWs and 2% Ag2S NWs in the polycaprolactone matrix. The 

dimensions of the sample are 1 cm by 1 cm by 3 mm. And the micro-CT scans have a 3D spatial 

resolution of 6.4 μm. Although the resolution of micro-CT scans is not high enough to reveal 

individual nanowires, the scans and the reconstruction proved that the composite is overall 

homogeneous and there is no concern about the formation of a concentration gradient.  
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Then, we used nano-CT (Zeiss Xradia 510 Versa) to disclose the internal nanowire 

structures over one area of the sample. Nano-CT is a high-resolution 3D tomography system that 

allows non-destructive submicron imaging[162,163,164]. Figure 4.4 (b) shows a nano-CT scan of a 

specimen comprising of 0.5 vol% AgNWs and 2% Ag2S NWs in the polycaprolactone matrix. The 

resolution of these nano-CT scans is 60 nm voxel size, and the scanning window is 118 μm by 118 

μm. With this much higher resolution, the nano-CT scans are able to show some individual 

nanowires that have a different contrast than the polymeric matrix (background in the figure). 

These scans show us that the nanowires are truly randomly oriented in the 3D composite and that 

there are no obvious connected pathways formed by AgNWs throughout the entire composite in 

this sample, although there are regional connections made by less than five nanowires. When 

combining this information with the results of further electrical measurements, we were able to 

determine the desired concentrations of embedded nanowires that allow the final composites to 

reach percolation. The electrical characterization reported in Section 4.5 were measured from 

AgNW-Ag2S NW-polycaprolactone composite with a higher nanowire concentration than the 

specimen demonstrated in Figure 4.4 (b). 

 

 
 

Figure 4.4 (a) Reconstructed 3D composite structure from micro-CT scans and (b) a nano-CT scan 

(118 μm by 118 μm) of a AgNW-Ag2S NW-polycaprolactone composite.  
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Another technique to reveal the internal structures of soft materials is cryo-EM. We used 

JEOL JSM-7600F SEM equipped with a cryogenic stage and transfer system and Gatan Alto-2500 

and Horiba CL detector. Cryo-EM is a desirable imaging technique for hydrated specimens, such 

as our hydrogel composite samples[ 165 ]. To prepare for a cryogenic specimen, the hydrogel 

composite was first loaded onto the edge mounting sample holder, which was then plunge frozen 

in the liquid nitrogen slush. Next, the sample was loaded to the cryogenic chamber under vacuum, 

where it was cryo-fractured with a cold knife fracture device to expose a cross-section surface. 

Then, the temperature of the chamber was risen to 95°C to sublimate ice and to etch the sample 

for five minutes in order to reveal its internal structures. Once the sample was cooled down again, 

an in-situ sputter coater coated the etched surface with 5 nm of Au/Pd. Then, the sample was 

transported to the imaging chamber for SEM imaging under cryo-temperature. Figure 4.5 shows 

SEM images of an agarose-based hydrogel sample comprising of 3.5 wt% agarose and 1.5 vol% 

AgNWs. Figure 4.5 (a) in particular shows the AgNW cutoffs from cryo-fracture in the cryogenic 

chamber, in which the two nanowires were likely to be connected before the fracture. These images 

gave us an insight into the internal microstructure of nanowire networks and showed us that 

AgNWs are randomly oriented and embedded in the agarose networks. The cryo-EM images 

agreed with the X-ray tomography scans and they both proved our hypothesis for the morphology 

of AgNW networks in the 3D composites.  
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Figure 4.5 SEM images of a cryo-fractured hydrogel composite, showing AgNWs embedded in 

the agarose networks. Scale bars are 1 μm.  

 

4.5 Electrical measurement 

We performed two-terminal current-voltage (IV) characterization for the nanowire-

polymer composites to investigate their electrical responses. As shown in Figure 4.1 (c), a 3 by 3 

electrode array with 100 μm spacings was fabricated using stainless steel needles. The electrode 

array was conceptualized by Nikolay Frick and fabricated by Mahshid Hosseini. The electrode 

array was connected to the polycaprolactone-based specimen, and the distal end of the electrode 

array was inserted in a ZIF socket that was connected to a 2 channel (medium power) 
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source/monitor unit module (Agilent Technologies E5272A). The sample along with the electrode 

array setup was placed in a Faraday cage (Hewlett Packard Test Fixture Analyzer 16058A) while IV 

curve measurements were recorded. We chose to use IV characterization since it allows us to 

measure small conductivity responses when a positive or negative voltage pulse is applied.  

Specifically, we applied 10 consecutive pulses at positive and negative 3 V to a composite 

comprising of 0.4 vol% AgNWs and 4 vol% Ag2S NWs in the polycaprolactone matrix, and the 

current outputs were recorded in Figure 4.6 (a). Its corresponding triangle pulse scanning curves 

are present in Figure 4.6 (b). The IV curves of AgNW-Ag2S NW-polycaprolactone composite 

exhibited nonlinearity in all pulses due to the nonlinear properties of Ag2S NWs. We also saw that 

each pulse resulted in a different current response, which most likely demonstrated that a different 

conductivity pathway was taken between two electrodes inside the composite sample. In contrast, 

such huge differences in current responses were not obvious from the 2D AgNW /Ag2S NW 

network samples, as reported in Chapter 3. When performing the IV curve characterization in the 

same setup over a composite comprising of 0.5 vol% AgNWs and 5 vol% Ag2S NWs in the 

polycaprolactone matrix (Figure 4.7), we observed similar nonlinear responses, with a slightly 

higher current output in magnitude as expected. In the AgNW-Ag2S NW-polycaprolactone 

composites, Ag2S NW served as the media for filament formation in which silver ion migration 

occurred. The network initially exhibited a high-resistant state. When the system was applied with 

a voltage pulse at 3 V, silver ion migration started to occur, forming a conductive filament through 

the Ag2S NW. The network transited from the high-resistance state to a low-resistance state. Then, 

the unstable filament ruptured as voltage decreased back to 0 V. In the following voltage pulses, a 

different current pathway was activated through the network, showing an increased current 

response with the same applied voltage. This interesting switching behavior proved that the 
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AgNW-Ag2S NW-polycaprolactone composite can be a great candidate for neuromorphic 

computing applications. Additional IV curve measurements can be found in Nikolay Frick’s 

doctoral dissertation[166]. 

 

 
 

Figure 4.6 (a) IV curve measurements of a AgNW-Ag2S NW-polycaprolactone sample 

comprising of 0.4 vol% AgNWs and 4 vol% Ag2S NWs, measured with an electrode array shown 

in Figure 4.1 (c). Legend shows pulse number. (b) The corresponding triangle pulses scanning 

curves. 

 

 
 

Figure 4.7 IV curve measurements of a AgNW-Ag2S NW-polycaprolactone sample comprising 

of 0.5 vol% AgNWs and 5 vol% Ag2S NWs. 

 



   

 

 

81 

4.6 Conclusions and future directions 

As a summary, we explored the fabrication, characterization, and electrical measurements 

of multiple types of nanowire-polymer composites. The fabrication of nanowire-polymer 

composites is a quick and inexpensive approach to collect essential information for the further 

studies of this project. We explored dispersing and integrating different dispersed phase materials 

that include AgNWs, Ag2S NWs, dendritic silver structures, ZnO NWs, and CNTs. We identified 

desirable solvents for the dispersion of each of the above materials for the purpose of assembling 

them into a polymeric matrix. We also explored using thermoplastic polymers, thermosetting 

polymers, elastomers, and biopolymers as the continuous phase of the composite. In particular, we 

explored polycaprolactone, PDMS, epoxy resin, instant epoxy, acrylic plastic casting, EcoflexTM, 

agarose, and nanocellulose. We determined that among these polymers polycaprolactone provides 

the best performance in homogeneous assembly of AgNWs and Ag2S NWs, and is a robust 

continuous phase for further electrical studies. In addition, we reported a protocol to determine the 

volume fraction and each material and the integration method to make polycaprolactone-based 

composites. 

We used three approaches to characterize the materials. We first applied optical, SEM, and 

TEM imaging for the 2D dispersed phase materials before embedding them. Then, we used the 

SEM imaging technique to demonstrate the surfaces and exposed internal microstructures of the 

composites. Finally, we applied micro-CT, nano-CT, and cryo-EM to reveal the unaltered internal 

nanowire morphology and structure. We proved that the embedded nanowire networks are truly 

randomly oriented and are homogeneously embedded in the continuous phase. The nano-CT scans 

also helped us to link the concentration of embedded nanowires with the electrical behavior of the 

final composite. Furthermore, the characterization of agarose-based hydrogel composites provided 
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a similar perspective for the internal structures of DNA-based hydrogels, which helped us to 

conceive the next step of this project that uses molecular self-assembly to integrate different 

nanomaterials.  

We also performed IV curve measurements for the AgNW-Ag2S NW-polycaprolactone 

composites of different concentrations. The IV curves exhibited nonlinear behaviors, where pulses 

gave different current outputs. This result showed how 3D nanowire networks differentiate from 

the behaviors of 2D networks. As a future step for this project, one can investigate the electrical 

responses of the composites using multi-channel measurement, i.e. a setup with multiple inputs 

and outputs that is more suitable for 3D specimen characterization. One can continue to explore 

the neuromorphic computing capabilities of the reported composites and to seek their applications 

in hardware with artificial intelligence applications. Another future direction is to continue to 

explore different characterization techniques to reveal the unaltered internal networks of the 

composites. One can use a serial block face scanning electron microscope (SBFSEM) to expose 

and image the microstructure in-situ layer by layer and to reconstruct the 3D internal structures. 

Another technique is to use atom probe tomography (APT) to perform chemical composition 

analysis and 3D imaging on the nanowire-polymer composites. 
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CHAPTER 5 

DNA Hydrogel-Based Composites with Self-Assembled Percolating Networks 

 

5.1 Introduction and background 

     5.1.1 Background 

Self-assembly by molecular recognition is a fundamental property of soft matter that can 

be utilized as a building tool to construct nanoscale to macroscale materials via bottom-up 

approaches. Using programmed assembly of nucleic acid molecules, structural DNA 

nanotechnology has rapidly expanded to construct sophisticated biomaterials[ 167,168,169,170,171]. 

Beyond self-assembly, DNA is also biocompatible and can be readily conjugated with other 

bio/nanomaterials including proteins and conductive polymers[172,173,174,175]. Leveraging these 

capabilities, DNA-based hydrogels have drawn a lot of attention starting with basic research and 

moving to applications such as biomedicine, biosensing, and drug delivery[176,177,178,179,180,181]. 

DNA-based hydrogels are comprised of three-dimensional networks immobilizing a liquid. The 

networks can be formed by one or a combination of crosslinked polymers, inorganic or organic 

nanomaterials, and molecular self-assemblies[182].  

     5.1.2 DNA-based hydrogels 

The most common strategies to form DNA-based hydrogels are through complementary 

strand hybridization, enzyme-catalyzed assembly, and molecular entanglement[183]. Studies based 

extensively upon hybridization focused mainly on pure DNA hydrogels with three-dimensional 

(3D) hydrophilic networks crosslinked via complementary basepairing. These hydrogels typically 

employed multistrand DNA tiles to construct the multivalent, crosslinking structural members 

(crosslinkers) as well as the spacer units (spacers) designed to assemble and control spacing 
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between adhesive arms of the crosslinkers[184-185]. DNA hydrogels contain available free volume 

between their polymeric chains in which other nanomaterials can be trapped, thus providing them 

the capacity to nonspecifically incorporate functional components. Recently, studies have 

described strategies for coating and crosslinking inorganic nanomaterials such as quantum dots, 

nanoparticles, and nanotubes with DNA to create a variety of water soluble heterostructural 

conjugates[186,187,188]. Using these DNA/nanomaterial conjugates as integral building blocks of 

crosslinked molecular networks has led to interesting DNA hydrogel composites assembled with 

oligonucleotides and other nanomaterials. 

     5.1.3 Carbon nanotubes and gold nanoparticles 

Integration of nanomaterial conjugates makes it possible to modify the hydrogel properties 

to engineer mechanically and electrically adjustable materials. The mechanical properties of 

hydrogel-based composites can be fine-tuned by adjusting the concentrations and branch 

architectures of initial DNA tiles and embedded nanomaterials. However, the electrical properties 

of hydrogel composites bearing embedded conductive nanomaterials have rarely been studied, and 

there is a need for a deeper understanding of DNA as a building material to assemble 3D 

nanocircuits with conductive nanomaterials. One such material is carbon nanotubes (CNT). CNT 

are known for their utility in reinforcing nanofiber networks due to their excellent mechanical 

strength and stiffness[189]. They are chemically stable and have high aspect ratios that contribute to 

electrical percolation in nanocomposites, which makes CNT a promising material in 

nanoelectronics applications[190]. However, bare CNT naturally have low solubility in aqueous 

solutions in the absence of surfactants or sidewall functionalization[191]. One method to effectively 

solubilize CNT is via biomolecular dispersion where single-stranded DNA (ssDNA) wraps around 

individual nanotubes via the strong non-covalent hydrophobic interactions between CNT walls 
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and DNA nucleobases to form water-soluble, supramolecular complexes[192,193,194,195]. Besides 

improving solubility and manageability, the DNA-CNT hybrids also combine the advantageous 

electrical and mechanical properties of CNT and the molecular recognition capabilities of DNA. 

Moreover, CNT have been a promising material for the development of nonvolatile memory with 

short switching times[ 196 ]. Some CNT-based memory has been shown to operate using 

electromechanical interactions of nanotubes with each other under the influence of an applied 

voltage[197]. For this reason, researchers have chosen CNT to build memristive structures; these 

are structures that display variable electrical resistance based upon their ability to remember recent 

current/voltage activity.  

Another classic example of integrating biomolecules with nanomaterials is DNA-

functionalized gold nanoparticles (AuNP). A numerous studies have researched the interaction and 

the bio/nano interface between ssDNA and AuNPs. These hybrids have been shown useful for 

many applications from biosensing and nanomedicine, to use as building blocks with which to 

fabricate more complicated nanostructures[198,199,200]. The original approach to make DNA-AuNP 

conjugates is to bind thiolated DNA to AuNP with the formation of gold-thiolate bond[201-202]. 

More recently, another strategy has been reported to adsorb nonthiolated DNA strands onto AuNP 

via polyadenine bases that interact strongly with the gold surface[203]. Since this method covers 

AuNP surfaces quickly and effectively with unmodified ssDNA and provides an acceptable 

loading capacity, it was adapted in our study for synthesis of DNA-functionalized AuNP. 

     5.1.4 Project Overview 

Here, we present the construction and analysis of a variety of DNA hydrogels, some with 

embedded percolating networks using DNA-wrapped CNTs and DNA-attached AuNPs as 

crosslinkers. We started at the molecular level by designing DNA sequences and moved up to 
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macroscale hydrogels realized by bottom-up fabrication. We applied the crosslinker plus spacer 

design, where oligonucleotides were designed to form molecular networks by sequence-directed 

hybridization with sticky ends on crosslinker units (i.e. DNA tiles or DNA/nanomaterial 

conjugates) and coupling components (i.e. spacers) to construct 3D networks (Figure 5.1). In this 

way, we used molecular recognition to connect and form a network with nanomaterials. We were 

able to improve the mechanical strength of the formed hydrogels using several strategies including 

adjusting the spacer length and mixing different types of crosslinkers. We also showed that the 3D 

structures of nanomaterials can be programmed efficiently via nucleic acid sequence, and that it is 

possible to direct the formation of percolating networks with DNA self-assembly. In addition, 

using inspiration from biological neural networks that display extraordinary signal dynamics and 

processing abilities, we aimed to mimic some aspects of the morphology of natural neural networks 

using DNA self-assembly to fabricate nanoelectronic devices with measurable function. Nonlinear 

electrical properties of nanocomposites that integrate DNA-modified CNT are reported. Our 

eventual goal is to harness molecular recognition to precisely control the configuration and 

connection of nanomaterials to self-assemble into controllable nanostructures, and thus to 

engineer, fabricate, and characterize DNA-based hydrogels for desired applications. Future DNA 

hydrogel composites may find impactful application as building blocks in artificial computer 

hardware, with architectures inspired by natural neural systems for memory and information 

processing applications.  
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Figure 5.1 Schematic illustrations of DNA-based hydrogel formation. (a-d) Various types of 

crosslinkers: (a) Y-shaped DNA tile, (b) X-shaped DNA tile, (c) DNA-CNT conjugate, (d) DNA-

AuNP conjugate; (e) Spacers of different lengths: Ss, Sm, and Sl; (f) Pure DNA hydrogel constructed 

by combining Y-shaped or X-shaped DNA tiles with spacers, (g-h) DNA hydrogel composites: (g) 

DNA-CNT hydrogel, and (h) DNA-AuNP hydrogel. 

 

5.2 Design and construction of DNA hydrogels and DNA-based composites 

     5.2.1 Sequence design of DNA crosslinkers and spacers 

We constructed DNA hydrogels by mixing crosslinker and spacer modules that associate 

based on DNA-DNA hybridization as shown in Figure 5.1. Four types of crosslinkers (Y-shaped 

DNA tiles, X-shaped DNA tiles, DNA-CNT conjugates, and DNA-AuNP conjugates) and three 

different lengths of spacers (Ss, Sm, and Sl; short (33 nt), medium (44 nt), and long (55 nt), 

respectively) were tested. With these building blocks, we produced two major types of hydrogels: 

pure DNA hydrogels and DNA/nanomaterial hydrogel composites. For DNA crosslinkers, we used 
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two types of branching crosslinkers called Y-shaped and X-shaped DNA tiles that were assembled 

from three and four ssDNA strands, respectively. Each arm in the DNA tile carried a sticky end 

complementary to sticky ends on the spacers. We adopted sequences of strands D1, D2, and D3 

from Xing, et al. to construct Y-shaped DNA tiles[204]. Similarly, we modified the sequences of 

strands X01, X02, X03, and X04 reported by Um et al.[205] by swapping in our sticky end to construct 

X-shaped DNA tiles.  

 

Table 5.1. Sequences of ssDNA for the preparation of crosslinkers and spacers. 

Name Sequence (5’ ---> 3’) 

Y1 CGATTGACTCTCCACGCTGTCCTAACCATGACCGTCGAAG 

Y2 CGATTGACTCTCCTTCGACGGTCATGTACTAGATCAGAGG 

Y3 CGATTGACTCTCCCTCTGATCTAGTAGTTAGGACAGCGTG 

X1 CGATTGACTCTCCGACCGATGAATAGCGGTCAGATCCGTACCTACTCG 

X2 CGATTGACTCTCCGAGTAGGTACGGATCTGCGTATTGCGAACGACTCG 

X3 CGATTGACTCTCCGAGTCGTTCGCAATACGGCTGTACGTATGGTCTCG 

X4 CGATTGACTCTCCGAGACCATACGTACAGCACCGCTATTCATCGGTCG 

C1 GTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGATGCGAG

GCTATTCT 

C2 CGATTGACTCTCAGAATAGCCTCGCAT 

G CGATTGACTCTCAAAAAAAAAAAAA 

Ss1 GAGAGTCAATCGTCTATTCGAATTCACCGTAAG 

Ss2 GAGAGTCAATCGCTTACGGTGAATTCGAATAGA 

Sm1 GAGAGTCAATCGTCTATTCGCATGAGAATTCCATTCACCGTAAG 

Sm2 GAGAGTCAATCGCTTACGGTGAATGGAATTCTCATGCGAATAGA 

Sl1 GAGAGTCAATCGTCTATACGCAGGAGACCAGGAATTCGAAATCATAC

ACCGTAAG 

Sl2 GAGAGTCAATCGCTTACGGTGTATGATTTCGAATTCCTGGTCTCCTGC

GTATAGA 

Sticky ends are underlined in Table 5.1. 

 

 

The first step to form DNA gels is to construct DNA tiles and spacers with ssDNAs. 

Oligonucleotides were purchased from Integrated DNA Technologies (IDT). They were ordered 

with standard desalting, and no further purification was performed prior to use. Nucleotide sequences 
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are listed in Table 5.1. Milli-Q deionized (DI) water (>18 M.cm resistivity) was used for all 

experiments. In addition, Tris base (tris(hydroxymethyl)aminomethane, Fisher Scientific) and 

sodium chloride (NaCl, >99.5%, Sigma-Aldrich) were used to make buffer solutions. All pH values 

of the buffers were measured with a standard pH meter (Mettler Toledo SevenEasyTM).  

To construct Y-shaped DNA tiles, 10 µL of 10 mM Y1, Y2, and Y3 precursor strands for the 

building blocks were added to folding buffer solution (20 mM Tris-HCl (pH 7.5) and 100 mM NaCl) 

to obtain a final concentration of 1 mM for each strand. Then, the mixture went through a heat-

annealing process where it was heated to 95℃ for 5 min then cooled to room temperature over 30 

min. Similarly, the X-shaped DNA tiles were assembled by mixing 8 µL of 10 mM precursor strands 

X1, X2, X3, and X4 in the folding buffer solution to obtain a final concentration of 1 mM for each 

strand. The mixture went through the same heat-annealing process as described above.  

Spacers are linear duplex formed by two ssDNAs that each contains a sticky end that is 

complementary to the sticky ends of crosslinkers. We used three different lengths of spacers 33 nt 

(Ss), 44 nt (Sm), and 55 nt (Sl). The spacer sequences were inspired by Xing, et al.[194] and adapted 

to the other components of our system. All the spacer strands have the same sticky ends that are 

complementary to the sticky ends on crosslinkers. To construct spacers, 15 µL of the two 10 mM 

precursor strands for the spacer was mixed in folding buffer (to obtain a final concentration of 1.5 

mM for each strand. The mixture then went through the same heat-annealing process described 

above for DNA tiles. Spacers were also made to different concentrations to pair with different types 

of crosslinkers.  

All the DNA sequences were examined using NUPACK online software to predict their 

most stable folded structures to avoid unwanted secondary structures (Figure 5.2). NUPACK is a 
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software suite for the design and analysis of nucleic acid structures[206]. The final sequences offer 

a minimum free energy secondary structure. 

 

 

Figure 5.2 Structures of (a) Y-shaped DNA tiles, (b) X-shaped DNA tiles, and (c) spacers modeled 

by NUPACK software. 

 

     5.2.2 DNA-CNT conjugates 

To construct DNA-CNT conjugates, we applied a DNA sequence containing multiple 

repeated GT units that wrap around CNTs. Specifically, we adopted Sequence C as reported by 

Cheng, et al.[207] and modified their Sequence D with our sticky end to make it compatible with 

our spacers. The repeated GT units has been proved to efficiently wrap around CNTs well due to 

strong - interactions between the CNT sidewall and the nucleobase aromatic rings[173,208 ]. 

Zheng, et al. also demonstrated a systematic study showing that among all DNA sequences that 

wrap around CNTs, (GT)n gives the highest dispersion efficiency and only requires 30 min 

sonication to obtain well-dispersed DNA-wrapped individual nanotubes[182]. A longer sonication 

treatment breaks CNT and decreases their high aspect ratio[209], which is a property essential to our 

objective of building percolating networks. Therefore, we chose to make DNA-CNT conjugates 
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with (GT)20 repeat unit to allow a shorter sonication time. Strands of this length tightly wrap around 

nanotubes, while a longer DNA strand wraps around nanotubes more loosely and may also 

entangle multiple nanotubes[210]. We examined both single-walled CNTs (SWNTs) and multi-

walled CNTs (MWNTs) in this study. According to vendor specifications, the SWNTs have an 

average diameter of 0.78 nm with a median length of 1 m. We chose these dimensions because 

previously reported AFM studies observed that (GT)20 can form multiple wraps around SWNTs 

with an average diameter around 1 nm[197]. We purchased MWNTs of much larger size with 

average outer diameter of 8.7–10 nm and an average length of 10 m. The same study showed that 

DNA wrapping loosens as the nanotubes become larger and mostly only wraps with one turn 

around MWNT of greater diameters. 

Both SWNTs and MWNTs were purchased from Sigma-Aldrich. HEPES, (4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid), (>99.5%, Sigma-Aldrich) was also used to make 

buffer solutions. 120 µL HEPES (final concentration 50 mM, pH 7.6), 1.2 mg CNTs and 15 µL of 

10 mM DNA strand C1 were mixed together. The mixture was sonicated in an ice-water bath for 30 

min using a 100W bath sonicator. Then, 15 µL of 10 mM DNA strand C2 was added. The solution 

was incubated at room temperature overnight, then stored at 4℃. DNA modification on CNT also 

assists the solubilization of CNT. The dispersion of DNA-CNT conjugates in DI water is stable for 

weeks, while CNT without DNA modification would settle at the bottom of the container within 15 

min after sonication. 
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Figure 5.3 Photos of (a) SWNT and (b) MWNT dispersions in DI water without (left) and with 

(right) DNA modification.  

 

     5.2.3 DNA-AuNP conjugates 

Lastly, we utilized DNA-AuNP conjugates as the fourth type of crosslinkers. We 

synthesized AuNPs with an average diameter of 13 nm using a method adapted from the standard 

citrate reduction procedures[211]. For the synthesis, nitric acid (ACS reagent, Sigma-Aldrich) and 

hydrochloric acid (ACS reagent, Sigma-Aldrich) were used to make aqua regia. Hydrogen 

tetrachloroaurate (III) trihydrate (99.9%), sodium citrate tribasic dihydrate (ACS reagent, >99.0%) 

and sodium hydroxide (NaOH, >98%) were also purchased from Sigma-Aldrich.  

First, all glassware was cleaned with aqua regia then rinsed with DI water. After the 

glassware was dried completely, 500 mL of 1 mM hydrogen tetrachloroaurate (III) trihydrate in DI 

water was prepared in a round-bottom flask and heated to a vigorous boil with stirring. Then, 50 mL 

of 38.8 mM sodium citrate tribasic dihydrate in DI water was added to the gold solution flask, and 

the reaction was allowed to proceed for 15 min. The solution turned from yellow to clear, to black, 

to purple, and finally to deep red (Figure 5.4). Lastly, the solution was cooled down to room 

temperature. Synthesized AuNP were characterized by transmission electron microscopy (TEM) as 

shown in Figure 5.8(a). The concentration of AuNP was estimated with UV-Vis spectrophotometer 

(Figure 5.5) and calculated with Beer-Lambert equation, 𝐴 =  𝜀𝑏𝐶[212]. A peak λmax at 519 nm 
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wavelength proves that these are well-formed AuNPs with an average diameter of 13 nm[201]. UV-

Vis was recorded on Thermo Scientific NanoDrop 2000c Spectrophotometer. 

 

 

Figure 5.4 Photo of 13 nm AuNPs after synthesis. 

 

 

Figure 5.5 UV-Vis spectrum of as-synthesized AuNPs.  

 

DNA-AuNP conjugates were synthesized with a previously reported method reported by 

Zhang, et al.[213]. The conjugates were created by attaching ssDNA to the surfaces of AuNP. Briefly, 

13 nm AuNPs at neutral pH adsorb DNA strands with polyadenine (An) as the anchoring block 

due to strong interaction between adenine and gold. We designed DNA sequence to contain 13-
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mer of polyadenine (A13) that is connected with a 12 nt sticky end. Polyadenine sequence strongly 

adsorbed onto AuNPs with high loading capacity. This method produced DNA-AuNP conjugates 

with much higher concentrations of DNA and AuNPs compared to another method prepared by 

polymerase-chain reaction (PCR) elongation[172].  

First, 16 µL of DNA stock solution of sequence G (100 µM in 5 mM HEPES buffer, pH 7.4) 

was added to 1.6 mL AuNP solution (10 nM). The solution was mixed by brief vortexing. Then, 32 

µL of 500 mM citrate·HCl buffer, pH 3, (final 10 mM) was added to the AuNP solution (1 µL of 

buffer per 50 µL of AuNP solution). The solution once again went through vortex mixing and was 

incubated at room temperature for 3 min. Then, the pH of the AuNP solution was adjusted back to 

neutral by adding 96 µL of 500 mM HEPES buffer (pH 7.6, 3 µL of buffer per 50 µL of AuNP 

solution). The solution was then incubated for 5 to 10 min at room temperature. The DNA-AuNP 

mixture was centrifuged at 13,300 rpm for 6 min, and the supernatant was removed and discarded. 

The pellet was washed four times with 5 mM HEPES buffer (pH 7.6) and centrifuged to remove any 

unbound DNA strands. The final DNA-AuNP conjugate was redispersed in 100 µL of 5 mM HEPES 

buffer (pH 7.6) for further use.  

 

     5.2.4 Construction of pure DNA hydrogels and DNA hydrogel composites 

 

Table 5.2. Concentrations and ratios of crosslinkers and spacers to prepare for hydrogels. 

Name 
Concentrations of strands with 

sticky end in the stock solutions 

Ratios of final concentrations 

in the hydrogels 

Spacers (S) 1.5 mM N/A 

Y-shaped DNA tile (Y) 1 mM Y:S = 2:3 

X-shaped DNA tile (X) 1 mM X:S = 1:2 

DNA-CNT conjugates 1 mM DNA-CNT:S = 2:1 

DNA-AuNP conjugates 16 M DNA-AuNP:S = 1:10 
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To construct hydrogels using the self-assembled DNA tiles or DNA/nanomaterials 

conjugates, and spacers, desired volumes of crosslinker and spacer stocks were combined on a piece 

of parafilm using the concentrations and ratios listed in Table 5.2. For example, to make a 20 µL Y-

shaped DNA tiles-based hydrogel, 10 µL of Y-shaped DNA tiles stock and 10 µL of spacer stock 

were added on a piece of parafilm and immediately mixed. DNA hydrogels were formed within one 

minute. The final system was also modeled and analyzed by NUPACK software during design. 

Figure 5.6 below gives an example of the combination of a Y-shaped DNA tile and a spacer. The 

photo of hydrogels was taken with a cell phone and shown in Figure 5.7. All the DNA gel samples 

were immediately used and tested once they were formed. 

 

 

Figure 5.6 Structure composed of a Y-shaped DNA tile and a spacer modeled by NUPACK 

software. 
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Figure 5.7 Photo of pure DNA hydrogels and DNA hydrogel composites constructed by Sl with 

(from left to right) Y-shaped DNA tiles, X-shaped DNA tiles, DNA-SWNT conjugates, DNA-

MWNT conjugates, and DNA-AuNP conjugates. 

 

5.3 Characterizations of conjugates and hydrogels 

The dimensions and morphology of AuNPs, DNA-AuNP conjugates, DNA-CNT 

conjugates, and dehydrated DNA hydrogel composites were imaged by a transmission electron 

microscope FEI Talos F200X at an accelerating voltage of 200 kV. CNT samples were drop cast and 

dried onto 300-mesh copper grids with lacey formvar support film reinforced by a heavy coating of 

carbon (Ted Pella, 01883). AuNP samples were prepared on 200-mesh copper grids with a formvar 

film covered with a light layer of carbon (Ted Pella, 01800-F). Dimensions of the imaged samples 

were measured with ImageJ software.  

To understand and compare the morphologies of conjugates and hydrogels, we used TEM 

imaging techniques to visualize AuNPs, SWNT, and MWNT conjugates with and without DNA 

spacers to show how the crosslinked DNA networks connect and arrange the structures of these 

nanomaterials.  
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Figure 5.8 TEM images of (a) as-synthesized AuNPs, (b) DNA-AuNP conjugates, (c) DNA-AuNP 

hydrogel; (d) DNA-SWNT conjugates, (e) DNA-SWNT hydrogel; and (f) DNA-MWNT 

conjugates on lacey film, (g) DNA-MWNT hydrogel on lacey film, and (h) a zoomed-in image of 

DNA-MWNT hydrogel, showing areas of the CNT wall wrapped by DNA and the bare wall 

without DNA wrapping. DNA binding between CNT junctions is also shown. 

 

We first imaged the original AuNPs right after synthesis, then DNA-AuNP conjugates and 

DNA-AuNP hydrogel. The TEM images of citrate-stabilized AuNPs demonstrate that synthesized 

nanoparticles were homogeneous and that their average diameter was 13.1 ± 1.8 nm (Figure 5.5 

and Figure 5.8(a)). As-synthesized AuNP appeared clustered in groups of two or three with no 
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clear spaces between individual nanoparticles within the groups. However, the images of DNA-

AuNP conjugates showed that DNA-attached AuNPs have a clear and much more uniform spacing 

between neighboring particles, which was measured to have an average of 0.78 nm (Figure 5.8(b)). 

By comparing the morphologies of AuNP clustering in Figures 5.8(a) and 5.8(b), we showed that 

DNA strands modified surfaces of AuNPs. Next, we constructed DNA-AuNP hydrogel by 

combining DNA-AuNP conjugates and Sl spacers. The TEM image (Figure 5.8(c)) showed 

multiple layers of AuNPs on top of each other that appeared to be held together during sample 

collapse from drying. Comparing that with Figure 5.8(b), it is apparent that DNA spacers had 

linked AuNP together in a 3D structure. 

To prove that DNA strands have attached on AuNP surfaces, we further characterized 

AuNPs and DNA-AuNP conjugates using gel electrophoresis. Gel electrophoresis (Agarose, 1%) 

was carried out in 0.5x TBE buffer (Tris-Borate-EDTA buffer)[214]. First, 1g of agarose powder 

was added to 100 mL of 0.5x TBE buffer, and the solution was heated in the microwave for 60 

seconds until it became homogeneous and transparent. Then, the agarose solution was casted in a 

gel tray (Bio-Rad Sub-Cell GT) until solid. To prepare for the samples, glycerol (final content 

10%) was added to AuNPs and DNA-AuNP conjugate stocks, then 10 µL of each of the stocks 

was loaded in a well in the agarose gel. The gel was run for 1 hour at 100V in the 0.5x TBE buffer 

using Bio-Rad PowerPacTM Basic Power Supply. The corresponded electric field was 9.9 V/cm. 

After gel electrophoresis, a cell phone was used to take a digital picture of the gel to visualize the 

mobilities of AuNPs and DNA-AuNP conjugate samples in the gel (Figure 5.9). Non-DNA-

attached AuNP aggregated in the well and failed to enter the gel. DNA-modified AuNP did not 

aggregate and were able to migrate into the gel. TEM images agreed with gel electrophoresis 

results and demonstrated that we successfully decorated AuNP with ssDNA.  
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Figure 5.9 The band of pure AuNPs (left) appears violet under visible light, while the band of 

DNA-AuNP conjugates (right) retains the red color and shows a much better mobility. 

 

 With the same concept, we also imaged DNA-SWNT conjugates and DNA-MWNT 

conjugates, then took a look at hydrogels made of these conjugates with Sl. The TEM images of 

DNA-CNT hydrogels showed that amorphous materials with hierarchical structures were formed. 

We can clearly see the larger-scale CNT networks as well as DNA binders on the surfaces of 

nanotubes especially around the junctions of CNT (Figure 5.8(g) and Figure 5.8(h)). Although 

differences in clustering and morphology between DNA-SWNT in conjugates versus hydrogel are 

not entirely distinctive using TEM characterization (Figure 5.8(d) and Figure 5.8(e)), the 

differences were apparent in the MWNT samples (Figure 5.8(f) and Figure 5.8(g)). DNA-MWNT 

conjugates appeared to gather on the lacy carbon film on the copper grids and did not appear to fill 

in most holes in the film. On the other hand, the dehydrated hydrogel made of DNA-MWNT 

conjugates with Sl spacers covered over the entire lacy film (including holes in the film) with its 

own networks formed by the nanotubes. DNA spacers helped to connect MWNTs together into a 

web-like structure over a large area. When taking a closer look at individual MWNT, we observed 

regions of coating over the nanotube with an average thickness of 1.51 nm. Figure 5.8(h) clearly 
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showed that the middle area of the MWNT was not wrapped by DNA, while the areas close to 

MWNT junctions were coated. Figure 5.8(h) also showed thicker coating around MWNT 

junctions, indicating the location of spacers. These images represent a direct observation of DNA 

acting as a “smart” glue to bind and connect MWNT together. Overall, we successfully constructed 

pure DNA hydrogels and DNA hydrogel composites with nanomaterials. 

 

5.4 Mechanical studies 

     5.4.1 Rheological properties of DNA hydrogels 

Polymeric hydrogels generally demonstrate robust mechanical strength because of their 

dense, entangled, and crosslinked networks with small mesh sizes. Unlike these conventional 

hydrogels, pure DNA hydrogels are more thixotropic and can display poor mechanical 

strength[215]. Although the mechanical properties of DNA hydrogels can be fine-tuned by adjusting 

the type and concentration of initial DNA tiles with different number of branches, even the 

toughest DNA hydrogel only exhibits a storage modulus of a few thousands Pa[202]. Because of 

this property, the applications of DNA hydrogels are limited to only certain fields. To explore 

further enhancement of DNA hydrolgels’ mechanical strength, we implemented two strategies: 

modifying the DNA building blocks and fortifying the structure with novel nanomaterials that 

confer mechanical rigidity. 
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Figure 5.10. G’, G” vs. angular frequencies showing the rheological properties of (a) pure DNA 

hydrogels, (b) DNA-SWNT and DNA-MWNT hydrogels, and (c) DNA-AuNP hydrogels 

constructed with spacers of different lengths. 
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We performed oscillation measurements on hydrogels formed by Y-shaped DNA tiles, X-

shaped DNA tiles, DNA-SWNT conjugates, DNA-MWNT conjugates, and finally DNA-AuNP 

conjugates with spacers of three different lengths. The goals of this group of tests are to study the 

influence of length of spacers on different types of crosslinkers, as well as to compare the influence 

of different crosslinkers. For all tested samples, we see a higher storage modulus (G’) than loss 

modulus (G’’) across tested angular frequencies as shown in Figure 5.10 demonstrating solid-like 

behavior, which is typically observed for hydrogels constructed with DNA[216-217].  

As Figure 5.10(a) shows, when constructing pure DNA hydrogels with the same 

crosslinkers (X or Y), using shorter spacers gives more solid-like hydrogels as indicated by higher 

storage modulus. X-shaped DNA tiles also construct more solid-like hydrogels than Y-shaped 

DNA tiles with all types of spacers. However, when using conjugates as crosslinkers (see below), 

longer spacers construct more solid-like hydrogels, opposite to the behavior observed from pure 

DNA hydrogels. The mechanical strengths of pure hydrogels are also improved by integrating 

nanomaterials. With the same spacers (Sl), DNA-SWNT conjugates also construct more solid-like 

hydrogels than DNA-MWNT conjugates, and both DNA-CNT conjugates make more solid-like 

hydrogels than DNA-AuNP conjugates (Figure 5.10). 
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Figure 5.11 G’, G” vs. angular frequencies showing the rheological properties of (a) hydrogel 

composites constructed with DNA-SWNT conjugates, X- (or Y-) shaped DNA tiles, and Sl; and 

(b) hydrogel composites constructed with DNA-MWNT conjugates, X- (or Y-) shaped DNA tiles, 

and Sl. 

 

Our next set of tests was to use mixed crosslinkers, combining DNA-CNT conjugates and 

DNA tiles. The objective of this test is to show the influence of different crosslinker compositions 

and see how mixed crosslinkers of different length scales change the mechanical properties of the 

final hydrogels. Specifically, we substituted 25%, 50%, and 75% of the DNA-CNT conjugates 



   

 

 

106 

from the previous test with X-, or Y-shaped DNA tiles while keeping the total concentration of 

sticky ends from all crosslinkers the same. Only long spacer (Sl) was used for these mixed 

crosslinker tests. The oscillatory measurements showed that hydrogels constructed using Sl 

contained crosslinker mixture of 75% DNA-CNT conjugates and 25% DNA tiles exhibited the 

highest values of G'. This composition formed hydrogels with G’ above 50 kPa, over 100-fold 

higher than G’ of pure hydrogels. It is followed by using Sl with 100% DNA-CNT conjugates as 

crosslinkers. Then, the mechanical strength dropped even further when using Sl with 50% DNA-

CNT conjugates and 50% DNA tiles crosslinkers, and hydrogels constructed by Sl with 25% DNA-

CNT conjugates and 75% DNA tiles had the lowest storage modulus. All DNA hydrogel 

composites still had higher mechanical strengths than pure DNA hydrogels. Moreover, using 

DNA-SWNT conjugates always gave more solid-like hydrogels than using DNA-MWNT 

conjugates in the above compositions, and using X-shaped DNA tiles resulted in more solid-like 

hydrogels than using Y-shaped DNA tiles in these compositions.  

We would like to construct hydrogels of reasonable mechanical strength where the 

crosslinked networks can effectively prevent diffusion of the nanomaterials, and thus to achieve 

hydrogels with confined architecture for further applications. Having a higher storage modulus 

than loss modulus from oscillation frequency tests indicated that we indeed made hydrogels with 

solid-like properties. When using the same DNA tiles as crosslinkers, we observed that shorter 

spacers constructed hydrogels of higher mechanical strengths as they are able to build a denser 

network. The situation is reversed and longer spacers constructed more solid-like hydrogels when 

using DNA/nanomaterial conjugates as crosslinker. This is because CNTs and AuNPs we used are 

much larger in scale compared to DNA molecules, thus having longer spacers helped to build more 
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or more stable bridges between nanomaterial/crosslinker components. Therefore, we used Sl for 

all electrical studies and structural characterization analysis. 

CNTs are well known for their mechanical reinforcement applications. Consistent with 

previous observations in other composites, we observed a huge increase in storage modulus with 

hybrid DNA-CNT hydrogels compared to pure DNA hydrogels. When using one type of 

crosslinkers, DNA-SWNT conjugates constructed the most solid-like hydrogels, followed by using 

DNA-MWNT conjugates, DNA-AuNP conjugates, X-shaped DNA tiles, and finally Y-shaped 

DNA tiles. We believe that we observed higher storage modulus from hydrogels constructed with 

DNA-SWNT conjugates than hydrogels constructed with DNA-MWNT conjugates because DNA 

wraps around SWNTs more tightly with more turns[218]. TEM images (Figure 5.8) also showed 

that DNA coats on SWNTs much better than on MWNTs. As the average diameter of CNTs 

increases from SWNTs (0.78 nm) to MWNTs (~9 nm), (GT)20 loses its strong binding around the 

nanotubes, which resulted in a decrease in mechanical performance of hydrogels made with these 

conjugates. This result shows the importance of crosslinked DNA as the binding material to 

connect nanomaterials and to build networks. Furthermore, hydrogels constructed with both types 

of DNA-CNT conjugates crosslinkers showed higher mechanical strength than hydrogels 

constructed with DNA-AuNP conjugates because the high aspect ratios of CNTs are inherently in 

favor of providing reinforcement to composites compared to sphere-shaped materials. 

We further investigated and rationally improved the mechanical properties of hybrid 

hydrogels by combining DNA/nanomaterial conjugates and DNA tiles as crosslinkers. Since CNTs 

and AuNPs are in much larger scales than DNA molecules, there are available spaces between 

individual nanotubes and nanoparticles in the hydrogels, where there is no DNA filling besides the 

DNA network associated with binding strands and spacers. These hydrogels have the capacity to 
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integrate more materials that can fill in the spaces. Therefore, we used different compositions of 

DNA/nanomaterial conjugates and DNA tiles to construct hydrogels in which crosslinkers come 

in different scales. When we used DNA tiles to make up to 25% of crosslinkers and DNA-CNT 

conjugates for the rest, the resulted hydrogels are even more solid-like than when using 100% 

DNA-CNT conjugates as crosslinkers. This is because substituting some of the DNA-CNT 

conjugates with a much smaller type of crosslinkers helped to fill in the open spaces between 

CNTs, and thus made a denser hydrogel. However, DNA molecules are significantly weaker than 

CNTs, so we observed a decrease in mechanical strength when substituting more DNA-CNT 

conjugates with DNA tiles.  

To better present the influence of crosslinker type on the overall rheological properties of 

the hydrogels, Figure 5.12 was made to show the storage modulus measured at 100 rad/s (Figure 

5.12(a)) and at 0.1 rad/s (Figure 5.12(b)) of hydrogels made with different types of crosslinkers.  

In summary, we demonstrated adjusting the mechanical properties of hybrid hydrogels by 

combining different compositions of crosslinkers, and achieved the most solid-like hydrogel when 

using DNA-CNT conjugates as 75% of crosslinkers and X-shaped DNA tiles for the rest 25% of 

crosslinkers. 
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Figure 5.12 Comparison of G’ of different types of hydrogels, measured at (a) 100 rad/s and (b) 

0.1 rad/s. 

 

     5.4.2 Microrheological properties of DNA hydrogels 

Our viscoelastic samples are at the low end that is measurable with rheology and are also 

at the high end that can be measured with microrheology. Therefore, we further investigated the 

mechanical properties of the hydrogels with microrheology, especially with the multiple particle 

tracking (MPT) method. MPT is a passive microrheology technique that simultaneously tracks 

multiple micron-sized particles (beads) in the sample using recorded video microscopy[219].  

Here, the viscoelasticity of DNA-CNT conjugate and DNA-CNT hydrogel was studied 

with MPT using an inverted fluorescence microscope. The Brownian motion of the tracer particles, 

green fluorescent polystyrene microspheres, was tracked. Before the measurement, the tracer 

particles were embedded inside the samples by adding them to the crosslinker stock. After a sample 

is loaded, a video of these fluorescent particles was monitored and recorded. Movies of the 

fluctuating particles were further analyzed by a custom MPT routine written in Python based on a 
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widely used particle tracking algorithm[211]. The program is able to exact trajectories of individual 

tracer particles from the recorded movies, where the trajectory maps show the displacements of 

the centers of individual particles that are simultaneously tracked in the focal plane of the 

microscope. From the trajectories of particle centers, individual time-lag averaged mean-square 

displacements (MSD) were computed. MSD characterizes the dynamics and mobility of the 

particles and shows the amplitude of the particle's motion. Therefore, MSD reflects the mechanical 

properties of the sample that the particles are embedded in.  

We adapted a method reported by Oelschlaeger et al. to conduct MPT[220]. First, 2.36 mL 

of FluoSphere polystyrene beads (1 m diameters, orange (540/560), Invitrogen by Thermo 

Fisher) were washed by DI water with a repeat process of centrifugation and redispersion to 

remove any chemical residuals in the stock of bead solution. Then, the bead stock solution was 

centrifuged at 13.4 rpm to take out extra water, and the pellet of beads was added to a 60 L sample 

to achieve a volume fraction around 0.02%. The sample was then loaded into one cell of an eight-

well plate (Lab-Tek II chambered #1.5 German Coverglass System) to be monitored by the 

confocal laser scanning microscopy (Leica SP8 CLSM) in an 127 × 127 µm field of view, at a rate 

of 40 frames/s. Displacements of the centers of particles from the recorded videos were analyzed 

by a customized program adapted from the MPT algorithm Trackpy[221], which is based on the 

widely used Crocker and Grier tracking algorithm. 
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Figure 5.13 Trajectory maps of (a) DNA-SWNT conjugates and (b) DNA-SWNT hydrogel. 

Average MSD vs. lag time of (c) DNA-SWNT conjugates, with a fitted slope of 0.683, and (d) 

DNA-SWNT hydrogel, with a fitted slope of 0.327. 
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Figure 5.14 Trajectory maps of (a) DNA-MWNT conjugates and (b) DNA-MWNT hydrogel. 

Average MSD vs. lag time of (c) DNA-MWNT conjugates, with a fitted slope of 0.911, and (d) 

DNA-MWNT hydrogel, with a fitted slope of 0.558. 

 

We used MPT to analyze two types of samples: (1) DNA-CNT conjugates and (2) DNA-

CNT hydrogels comprised of the conjugates and the longest spacers. The objective of this study is 

to compare the mobility of fluorescent particles in order to investigate the microstructure of the 
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samples that they are embedded in. We used both SWNT and MWNT samples for this set of study. 

The first output of MPT are trajectories of different particles in the 2D plane that is in focus during 

video recording. They are individually measured, and the trajectories of the particles are illustrated 

with different colors in Figure 5.13(a)(b) and Figure 5.14 (a)(b) to track the movement of the 

particles. By comparing (a) and (b) in both Figure 5.13 and Figure 5.14, we can directly observe a 

decrease in mobility of the particles as DNA spacers are added to the crosslinkers. It is especially 

obvious in the SWNT sample, showing that adding spacers to the crosslinkers gives a greater 

reinforcement on the elastic properties when using SWNT. This result echoes with the 

measurement oscillation frequency test that DNA-SWNT hydrogel is more solid-like than DNA-

MWNT hydrogel and MWNT samples give rise to more liquid-like properties due to their flexible 

backbone.  

After getting the trajectory maps, the particles are analyzed as a group, and an averaged 

quantity, MSD, is calculated. We then used the program to plot the ensemble average of MSD 

versus lag time for the particles that are in focus during video recording, as shown in Figure 5.13(c) 

and (d), as well as Figure 5.14 (c) and (d)). From the SWNT samples, the fitted slope of <MSD> 

decreased from 0.683 given by the DNA-SWNT conjugates to 0.327 given by the DNA-SWNT 

hydrogel. And the slope dropped from 0.911 given by the DNA-MWNT conjugates to 0.558 given 

by the DNA-MWNT hydrogel. In both cases, we also observed a slower rate of growth of <MSD> 

over lag time after adding spacers to the conjugates and forming a hydrogel. A decreased slope 

and growth rate indicate that the elastic properties of the materials are reinforced after adding 

spacers, and that the material becomes more viscous. In addition, a smaller slope from the SWNT 

samples also indicates that SWNT-based gels are more viscous than the MWNT-based gels. These 

observations agree with the rheological results that the DNA-SWNT hydrogel is more solid-like 
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than DNA-MWNT hydrogel. Overall, the MPT analysis also implies that a reinforced network is 

formed after adding DNA spacers to the crosslinkers. 

 

5.5 Electrical studies 

In order to minimize undesired complications due to ionic conduction associated with 

performing electrical measurements on nanocircuits embedded within hydrogels, we performed 

two-dimensional measurements of dehydrated hydrogels instead. We used two-terminal current-

voltage (IV) characterization setup with parallel line-shaped gold electrodes fabricated via thin 

film vapor deposition by Dr. Eric Vetter from Dali Sun Lab. As shown in Figure 5.15, the gold 

microelectrodes of parallel lines were fabricated with defined widths and gap distances (spacings) 

that are either 100 µm or 200 µm. To perform IV curve measurement, the microelectrodes were 

wire bonded to a commercial BGA board that is connected to a socket board in a Faraday cage 

(Hewlett Packard Test Fixture Analyzer 16058A) connected to a 2 channel (medium power) 

source/monitor unit module (Agilent Technologies E5272A). 

 

 

Figure 5.15 Gold electrodes of 200 m spacings (left) and 100 m spacings (right) for electrical 

characterization. 
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Figure 5.16 IV curves of dehydrated samples (a) DNA-SWNT conjugates (left) vs. DNA-SWNT 

hydrogel (right), (b) DNA-MWNT conjugates (left) vs. DNA-MWNT hydrogel (right), (c) DNA-

AuNP conjugates (left) vs. DNA-AuNP hydrogel (right) measured across gold electrodes with 200 

m spacings. Legend shows pulse number. 
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Figure 5.17 IV curves of dehydrated samples (a) DNA-SWNT conjugates (left) vs. DNA-SWNT 

hydrogel (right), (b) DNA-AuNP conjugates (left) vs. DNA-AuNP hydrogel (right) measured 

across gold electrodes with 100 m spacings. Legend shows pulse number. 

 

The hydrogel was placed across the gap between microelectrodes and then dried 

completely before IV curves were recorded. IV characterization allows the measurement of small 

conductivity as a response to an applied voltage. During the test, the current was measured during 

10 consecutive pulses of 10V. The goal of IV characterization is to investigate whether or not 

DNA crosslinking creates more organized or clumpy networks based on the changes in 

conductivity after adding spacers to the conjugates. 
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As shown in Figure 5.16 and Figure 5.17, dehydrated samples of DNA-SWNT conjugates 

and DNA-SWNT hydrogel both showed nonlinear behaviors. With the same applied voltage 

pulses, the measured current increased greatly in the hydrogel samples with spacers compared to 

DNA-SWNT conjugates—over a 650-fold increase when measured across 200 m spacings and 

130-fold increase in the positive pulses measured across 100 m spacings. Since MWNT are 

highly conductive, they showed a wire-like behavior with a much higher conductivity compared 

to the SWNT samples. In the MWNT case, adding DNA spacers also increased the conductivity 

of DNA-MWNT conjugates by 45-fold, see Figure 5.16(b). When testing with DNA-AuNP 

samples with electrodes of 200 m spacings, current increased 4-fold after adding spacers to the 

conjugates and forming gel-like networks, as shown in Figure 5.16(c). And current increased 

around 11-fold in the positive pulses when measured with electrodes of 100 m spacings, while 

the DNA-AuNP hydrogel sample gave very asymmetric IV curves. These electrical measurements 

demonstrate that modification and organization of nanomaterials using DNA strands can be used 

to control the electrical behavior of the percolating networks and can change the conductivity of 

the composites by using DNA self-assembly to connect the nanomaterials. 

Studies on conductivity of DNA mostly agree that DNA is not a good conductor and does 

not contribute to conductivity in the composites when conductive nanomaterials present[209]. 

However, DNA has been seen has a good candidate to self-organize nanocircuits into a complex 

system. Therefore, besides mechanical reinforcement, another objective of integrating 

nanomaterials into the hydrogel composites is to modify the electrical behavior and add 

functionality to the hydrogels. For this reason, we used semiconducting SWNT when making 

DNA-SWNT conjugates. In the previous electrical studies of single SWNT on parallel gold 

electrodes[222], the IV curves show a saturation of conductance at high voltages. We did not observe 
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such a saturation from IV characterization of SWNT networks from conjugates and hydrogels 

(Figure 5.16(a), Figure 5.17(a)). 

Circuits built with AuNP have a lower conductivity compared to the ones created with 

CNT, since the nanosphere structure does not have the advantage in reaching long-range 

percolation like nanotubes of much greater aspect ratios do. For the same reason, adding spacers 

to DNA-AuNP conjugates also does not result in as much of an enhancement in conductivity. This 

result showed that the shape of nanomaterials needs to be considered when designing the hydrogels 

to ensure the assembled circuits have desired performance. Increased control of the architectural 

characteristics of percolation paths formed by CNT and AuNP (i.e., length-scale, clumpiness, 

subcircuit structures, etc.) will encourage further investigation of these embedded networks for 

potential applications in neuromorphic and error-tolerant computing. 

 

5.6 Conclusions and future directions 

We designed and built pure DNA hydrogels as well as composites using 

DNA/nanomaterial conjugates crosslinkers, DNA tiles crosslinkers, and linear DNA spacers. We 

characterized the nanomaterial networks in the composites and examined their mechanical and 

electrical behaviors. We found that shorter spacers form more solid-like hydrogels when combined 

with pure DNA crosslinkers while longer spacers construct more solid-like hydrogels when 

assembled with DNA/nanomaterial crosslinkers. We obtained hydrogel composites with 

significantly higher mechanical strength by combining DNA-CNT conjugates and up to 25% DNA 

tiles as crosslinkers. In addition, dried networks from both DNA-SWNT and DNA-AuNP hybrids 

show nonlinear electrical behaviors. By comparing the conductivities of dehydrated networks from 

conjugates and hydrogels, we showed the ability of DNA self-assembly in integrating and 
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connecting percolating networks with nanotubes and nanoparticles. These initial examples of 

biomolecular functionality by design suggest that the basic concepts of DNA self-assembly can 

effectively be used to create more complicated materials. Potentially, crosslinkers such as DNA-

wrapped CNT can be used to create more sophisticated conjugates and nanostructures. We can 

design DNA to realize control in nanoelectronics morphology through connection and arrangement 

of nanomaterials.  

These materials have potential for applications in 3D integrated circuits and hardware with 

shorter production time, lower cost, lower power consumption, and higher energy efficiency. 

Eventually, electronic hardware utilizing 3D integration and assembled using DNA 

nanotechnology may achieve computing capabilities in certain operations beyond the performance 

currently achieved by circuits fabricated using traditional lithography techniques. The nanocircuits 

created with our self-assembly approach can either be further deposited onto a silicon substrate or 

stored in the solution. Although further deposition onto a substrate will break the 3D structures 

and connections, it has the advantage of being less volatile. On the other hand, storing the 

constructed nanocircuits in the solution can retain the randomness and programed structures, which 

may potentially allow them to serve better for unconventional computing research. 

One future step of this project is to further investigate the influence of dimensions and 

aspect ratios of the nanomaterials integrated into the hydrogel system on the electrical and 

mechanical properties of the hydrogel. Besides nanotubes and nanoparticles, one can also study a 

different shape of nanomaterials such as nanosheets (example: silicon carbide nanosheets). It 

would also be interesting to see what will be the limitations on the dimensions of the materials that 

can be effectively integrated into a DNA-based hydrogel system. Another potential approach in 

the future is to design DNA to specifically connect onto certain locations of the nanomaterials to 
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realize the extremely precise control of crosslinked network. Besides, one can also introduce 

additional techniques to the mechanical and electrical measurements, such as using a Maxwell 

model to get the relaxation time, performing a temperature sweep, and conducting multi-terminal 

measurements on electrical characterization.  
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