


 

 

ABSTRACT 

Fabrication of Organized Anisotropic Materials via 
Evaporative Self-Assembly 

 by 

Paul J. Derry 

This thesis describes progress towards the fabrication of macroscopically 

large, organized structures made from anisotropic nanomaterials using evaporative 

self-assembly. Chapter 1 is a literature overview of the characteristics and 

applications of solid gold nanostructures followed by a discussion of several 

important aspects of nanofabrication and a discussion of self-assembly in the context 

of extracellular matrix and cell culture. Chapter 2 describes the crystallization of gold 

nanotriangles (AuNTs) into hexagonal close-packed superlattices by slow 

evaporation and includes a morphological comparison of the crystallization habits of 

gold nanorods (AuNRs) and AuNTs. Chapter 3 discusses the use of a passive foaming 

system constructed from commercially available TEM grids to assemble gold 

nanowires into regular checkerboard or honeycomb patterns by the collision of two-

dimensional foam bubbles formed by the grid. Chapter 4 presents evaporatively self-

assembled networks of collagen and chitosan along with a detailed examination of 

their structure, and spatial scale-up to macroscopically large 150 mm2 networks 

using custom grids. Finally, Chapter 5 discusses the application of the gold nanowire, 

collagen, and chitosan networks as cell culture scaffolds for hTERT RPE-1 cells. Laser 
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scanning confocal microscopy and scanning electron microscopy were used to image 

and characterize the aligned cells and live cell imaging was utilized to show that 

cellular motility can be controlled by highly ordered collagen networks. 
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Chapter 1 

Introduction and Literature Overview 

Nanotechnology is an interdisciplinary field of science and engineering 

concerned with phenomena and matter within a size regime of less than 100 nm. The 

previously unexplored nanoscale size regime was discussed first by Feynman as a 

realm with great possibilities, but only in recent decades have those length scales 

been accessible for study and manipulation because of advances in instrumentation 

and fabrication techniques.1 Of particular interest are nanomaterials such as carbon 

nanotubes,2,3 graphene, 4,5quantum dots,6 and gold nanostructures7,8 because their 

behavior associated with this length scale is not observed at the macroscopic level. . 

Phenomena such as the quantum confinement effects found in quantum dots,9 and 

the localized surface plasmon resonances10 that give the intense coloration of gold 

nanostructures are size-restricted and are only observed on the small scale features 

that nanomaterials make possible. 
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Particularly interesting applications of nanomaterials can be found in 

electrical engineering and the life sciences. Quantum dots can now be found in 

commercially available television screens11,12 because of their tunable fluorescence 

emissions, and as fluorescent tags for antibodies in confocal microscopy.9 Gold 

nanoparticles are used in the common urine pregnancy test as part of a lateral-flow 

assay to detect human chorionic gonadotropin (hCG)13 and also as a contrast agent in 

electron microscopy imaging.14 With these innovations available in the market place, 

nanomaterials are becoming an increasingly relevant and viable alternative to 

conventional counterparts. 

1.1. Gold Nanoparticles 

 
One very well-studied nanomaterial is the gold nanoparticle (AuNP).  

Solutions of gold nanoparticles are brightly colored because of the absorption of 

energy from the incident photons by the conduction electrons associated with the 

surface of particles. The absorption of light induces a collective plasma oscillation or 

a plasmon. The resonant wavelength of the plasmon depends on the physical 

characteristics of the particle including its geometry21 as well as the properties of the 

surrounding media such as dielectric constant22 and the proximity to other 

particles.15  Spherical gold nanoparticles typically have a single directly diameter-

dependent plasmon with a resonant wavelength between 510 and 550 nm (Figure 

1.1).16  

https://paperpile.com/c/frvmSM/QWMS
https://paperpile.com/c/frvmSM/3Z4A
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Figure 1.1. UV-vis spectra of ~25 nm gold nanoparticles. Inset: TEM 
micrograph of ~25 nm gold nanoparticles synthesized according to a 

modification of the procedure described by Ye et al.15 Scale bar is 100 nm. 

1.1.1. Synthetic Methods 

A number of synthetic techniques to make spherical gold nanoparticles are 

available in the literature. One of the most commonly used techniques, the Turkevich 

method, produces Au nanoparticles that are 10-20 nm in diameter using sodium 

citrate to reduce Au(III) to Au(I) and cap the nanoparticles that grow from the 

disproportionation of the Au(I) ions.17,18 A seeded method described by Perrault and 

Chan uses hydroquinone as the reducing agent and small gold seed particles to drive 

a controlled particle synthesis of 20-200 nm nanoparticles.19 In addition, two slightly 
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different syntheses of thiol-capped gold nanoparticles with small diameters have 

been demonstrated by Brust and Schiffrin20 and by Martin et al.21  

1.1.2. Sensing 

 

Figure 1.2. General methods of gold nanoparticle analyte detection. 

 
Spherical gold nanoparticles have a multitude of applications because of their 

unique chemical and physical properties. Because the surface plasmon is sensitive to 

the surrounding environment of the particle, gold nanoparticles can be used as 

sensing platforms for different analytes such as heavy metal ions (Hg2+, Cd2+)22,23 and 
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complex biomarkers such as prostate specific antigen (PSA) biomarkers24 by ligand-

substrate-based aggregation23 and changes in fluorescence (Figure 1.2).25–27  

1.1.3. Biomedical Applications 

There are abundant examples of gold nanoparticles used in experimental 

treatment of cancer.28–31 Intravenously administered particles can take advantage of 

the enhanced permeability and retention (EPR) effect and passively target tumors 

because of the large vascular pores and higher relative density of vasculature in 

tumors.32 The chemical properties of gold make it easy to functionalize the particles 

with targeting molecules such as antibodies through conjugation to surface-bound 

poly(ethylene glycol) thiol.33–35 Drug-delivery applications of gold nanoparticles have 

also been explored by covalently linking drug molecules such as paclitaxel36 or 

gemcitabine37 via flexible and sufficiently long linkers to the surface of AuNPs.38  

Because gold has one of the highest Z-number among all stable elements it can 

be used as a radiation dose enhancer for X-ray radiotherapy.39–42 As a radiation 

enhancer, gold nanoparticles eject electrons through various pathways when 

bombarded by X-rays.39 Iodine has been utilized in this context, but the tumor 

radiation dose is lower with the iodine than the intravenously administered gold NPs 

because of the active-targeting and the EPR effect.41–43 Iodine does not accumulate in 

tumors to the same mass concentration and thus the enhancement effect is smaller.39 

The ability to target gold nanoparticles makes it feasible to concentrate them in the 

immediate vicinity of a tumor for more precise administration of the radiation.39,43  
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1.1.4. Catalysis 

The crystallography of small gold nanoparticles can be exploited for the 

purposes of driving catalytic reactions such as hydrogenation reactions44 and aerobic 

oxidation.45–47 Small gold nanoparticles (< 2-3 nm) have a large proportion of low 

coordination number gold atoms on their surface because of their small dimensions47 

and these reactive surfaces make it possible for catalytic reactions to take place. Both 

oxide-supported45 and unsupported catalytically-active nanoparticles48 have been 

reported. 

1.2. Gold Nanorods 

A gold nanoparticle can be extended along one axis to form a nanorod (aspect 

ratio > 1), or highly elongated structure (aspect ratio > 100) to become a nanowire.49 

Gold nanorods have two surface plasmon resonances, the transverse and longitudinal 

resonances (Figure 1.3). The transverse plasmon depends on the diameter of the 

nanorod and the longitudinal plasmon depends on the aspect ratio of the nanorod. 

The first synthesis of gold nanorods (AuNRs) was reported by Yu et al. through an 

electrochemical method.50 Later, a work by Murphy et al. showed that a seed-

mediated synthesis of pentahedrally-twinned nanorods (5’-AuNRs) was possible and 

that the aspect ratio of the nanorods was tunable.51 The pentahedral symmetry of 5’-

AuNRs is highly strained parallel to the twin planes due to non-ideal packing along 

the twin boundaries.52 El-Sayed et al. reported a seed-mediated synthesis of single 

crystalline gold nanorods using a blend of cetyltrimethylammonium bromide (CTAB) 



29 
 

and benzyldimethylammonium chloride (BDAC).53 Immediately following the initial 

publication on single-crystalline gold nanorods by Nikoobakht and El-Sayed, a second 

publication by Murphy et al. removed BDAC from the synthesis and is the synthetic 

basis for nearly all current work on AuNRs.54 Small AuNRs can be synthesized via a 

“seedless” route where sodium borohydride is added directly to a growth solution of 

Au(I) in CTAB.55–58 The attraction of small gold nanorods is two-fold: enhanced 

cellular clearance and lower cytotoxicity.59 In addition, small AuNRs show a reduction 

in scattering while retaining their strong light absorption characteristics.60   

 

Figure 1.3. UV-vis absorption spectrum of 75 x 25 nm gold nanorods. Inset: 
TEM micrograph of 75 x 25 nm gold nanorods synthesized according to a 

procedure described by Alvarez-Puebla et al.50 Scale bar is 50 nm. 
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Figure 1.4. Comparison of pentahedrally-twinned nanorod synthesis and 
single crystalline nanorod synthesis. 
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1.2.1. Gold Nanorods Synthesis 

In a typical synthesis of single-crystalline gold nanorods, hydrogen 

tetrachloroaurate is used as the gold precursor and is dissolved in an aqueous 

solution of cetyltrimethylammonium bromide (CTAB) with a small amount of silver 

nitrate (Figure 1.4). A reducing agent such as ascorbic acid53,54,56 or hydroquinone61,62 

is added to reduce the Au(III) complex to Au(I) ions. Gold seed particles are added to 

the growth solution of Au(I) in CTAB and the disproportionation of the Au(I) occurs.63 

Unlike their pentahedrally-twinned counterparts, single crystalline gold nanorods 

require a small amount of silver nitrate in the growth solution in order to grow into 

nanorods. Silver binds to the surface of the growing seed particles and causes a 

breakage in the crystallographic symmetry and results in the anisotropic growth by 

blocking certain facets on the surface.64 By varying the concentration of silver ions, 

the aspect ratio of the growing nanorods can be adjusted.53,61  

Several different reducing agents have been demonstrated to be suitable for 

the synthesis of AuNRs. Other than ascorbic acid, a large number of ortho- and para-

substituted hydroxybenzene derivatives have been utilized, including 1,2,4-

trihydroxybenzene,62 hydroquinone (1,4-dihydroxybenzene),61 dopamine (3,4-

dihydroxyphenethylamine) ,57,65 curcumin,66 and resveratrol.58 Sodium oleate, a 

surfactant with an embedded cis-alkene moiety reduces Au(III) to Au(I) and can be 

used to synthesize AuNRs with a large degree of tunability.67–69  
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1.2.2. Surface Modification of Gold Nanorods 

 

Figure 1.5. Functional thiols frequently used to modify the surface of gold 
nanorods. 

The surface of AuNRs can be covalently modified with thiol-containing ligands 

such as mercaptoundecyltrimethylammonium bromide (MUTAB), 

mercaptocetyltrimethylammonium bromide (MTAB), mercaptoundecanoic acid 

(MUA), and methoxy-poly(ethylene glycol) thiol (mPEG-SH), among others (Figure 

1.5). The purposes of surface functionalization may vary, but they typically fall into 

two categories: secondary modification by other molecules such as antibodies or 

drugs, and to colloidally stabilize and prevent aggregation in different solvents or in 

biological media. 

The biomedical application of AuNRs was questionable for a period of time 

before new strategies were developed to remove residual CTAB from the particles 

before the administration of AuNRs. CTAB is even at very low concentrations, 

however, nanorods aggregate and quickly lose their colloidal stability without CTAB. 

Murphy et al. demonstrated that charged polymers could be layered onto the 
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nanorods to reduce the overall cytotoxicity.70,71 Thiol-functionalized poly(ethylene 

glycol)-modified AuNRs were also shown to have low cytotoxicity, however gold 

nanoparticles covered with mPEG-SH were not easily consumed by cells.72,73 

Recently, the work by Zubarev and coworkers introduced the use of MTAB, as a 

covalently-bound ligand to quantitatively displace surface adsorbed CTAB and 

demonstrated a dramatic uptake of AuNRs by MCF-7 cancer cells.74 Particle uptake is 

important for applications in photoacoustic imaging,75–78 photothermal therapy,8,79,80 

and drug delivery8,81,82 where maximizing consumption by cells is desired. In addition 

to in vitro applications of individual particles, gold nanorods are strong surface-

enhanced Raman spectroscopy (SERS) substrates for the detection of analytes such 

as proteins at low concentration especially when the nanorods are aligned end-to-

end or crystallized into superlattices.83–85  

Silica shells can be grown on the surface of AuNRs by the hydrolysis of 

tetraethylorthosilicate (TEOS) using the Stӧber method.86 The growth of silica can be 

used for different purposes. For photoacoustic imaging, silica prolongs the decay time 

of the ultrasonic pulse generated by phonon decay of the gold lattice.87 Photothermal 

therapy efficacy can be improved by the presence of a silica shell because AuNRs 

undergo a reshaping to spherical morphology when heated.88–91 However, a silica 

shell provides mechanical reinforcement of the structure and reduces thermally-

induced deformation. Preventing deformation is important because the plasmonic 

properties, and thus the therapeutic efficiency of the particles depends on the 

retention of the original particle morphology.91 Silica is also easily modified by other 

silicates and can be used as a way to covalently link peptides75 or DNA molecules92 to 
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the shell using simple conjugation chemistry. Metallic overgrowth of gold nanorods 

using either gold,69 or metals such as platinum,93, palladium,94 silver,94 or copper95,96 

can be achieved by reducing salts of these metals onto the surface of the nanorods 

using ascorbic acid.  

1.3. Gold Nanoprisms, Nanoplates, and Nanotriangles 

By expanding a gold nanoparticle along two of its axes produces a gold 

nanoplate or gold nanoprism. Typically, gold nanoplates have polygonal faces but 

post-synthetic etching by the addition of a small amount of Au(III) can produce disc-

shaped particles called “nanodiscs.”97–99 Two early syntheses of gold nanoprisms 

were demonstrated using the high temperature polyol process and a polyamine 

process.100,101 Work by Millstone et al. demonstrated that gold nanoprisms can be 

selectively synthesized using the pentahedrally-twinned gold nanorod synthesis and 

the addition of sodium hydroxide.102,103 Khanal and Zubarev demonstrated that gold 

nanorods and nanoprisms could be selectively isolated from the synthesis of 

pentahedrally-twinned nanorods by selective sedimentation following oxidative 

etching with HAuCl4.97 Ha et al. demonstrated that by tuning the halide composition 

by the inclusion of iodide, the morphology distribution could be tuned towards the 

synthesis of gold nanoprisms.104  
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Figure 1.6. UV-vis spectrum of 60 nm edge length gold nanotriangles. Inset: 
TEM micrograph of gold nanotriangles synthesized according to the 

procedure described by Scarabelli et al.98 

Like gold nanorods, gold nanoplates have two surface plasmon resonances: 

one between 500-550 nm associated with a quadrupole oscillation and a second, 

much stronger oscillation associated with a dipolar oscillation correlated to the edge 

length of the particle (Figure 1.6).102,105 The crystal structure of gold nanoprisms is 

similar to the crystal structure of pentahedrally-twinned gold nanorods with {111} 

facets on the tips of nanorods and the lateral faces of nanoprisms, and {110} facets 

along the sides of both the nanorods and nanoprisms.104 More recently, seedless 

syntheses of gold nanoprisms were reported by Straney et al.106 and Chen et al.107.  An 

alternative high-yield synthesis of gold nanoprisms using CTAC-capped seed particles 
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was reported by Scarabelli et al. in 2014.105 One particularly interesting feature of 

gold nanoprisms is the shape of their tips. With gold nanotriangles, which is a subset 

of nanoprisms, the tips have been shown to be effective SERS enhancers.105,108  

1.4. Nanofabrication Strategies 

Three aspects of fabrication associated with nanotechnology are the concepts 

of top-down and bottom-up approaches,109 self-assembled materials,110 and 

hierarchical construction.111 In nature, there is an abundance of examples of self-

assembly and emergent complexity in living organisms.111,112 Gold nanostructures, 

among others, can be used in all three strategies to create structures with synergistic 

properties. 

1.4.1. Top-Down vs. Bottom-Up 

Typically, there are two distinct approaches to preparing nanomaterials: top-

down and bottom-up. Top-down fabrication of gold nanostructures is typically 

accomplished with electron beam lithography to expose a polymer mask and use 

subtractive etching to remove the exposed surface. The bottom-up approach as 

applied to nanotechnology is the preparation of materials from smaller components. 

For instance, gold nanoparticles are grown from the disproportionation of molecular 

gold complexes15 and carbon nanotubes are commonly grown from chemical vapor 

deposition on catalytic surfaces.4 Colloidal crystals, superlattices, or supercrystals are 

ordered lattices composed of colloidal particles and are a representative example of 

a bottom-up construction.  

https://paperpile.com/c/frvmSM/czsW
https://paperpile.com/c/frvmSM/u4mL
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1.4.2. Directed Assembly vs. Self-Assembly 

Nature has provided ample materials that are formed through the assembly of 

smaller, simpler molecules. Examples of natural self-assembled materials include 

collagen fibers,113,114 actin filaments,115 and microtubules.116,117 The supramolecular 

interactions between individual molecules that dictate the formation of complex 

structures are driven largely by entropy and facilitated by non-covalent, 

intermolecular bonds such as hydrogen bonding. With the proper consideration of 

electrostatics, small molecules and peptides can arrange into complex structures. A 

classic example of the capacity of hydrogen bonding in the context of self-assembly is 

nucleotide base pairing in DNA. Generally, adenine and thymine, and cytosine and 

guanine are the expected base pairs, however other conformations such as tetrameric 

cytosine are also possible.118 The selectivity of DNA base pairing is driven by the 

pattern of hydrogen bond donor and acceptor groups on the individual bases. 

 Self-assembly does not scale to macroscopically large objects very well 

because the intermolecular forces are relatively weak when compared to gravity, as 

a result, most macroscopically large objects are assembled through directed assembly. 

While self-assembly may not scale up to large objects, directed assembly does scale 

well to atoms: direct placement of xenon atoms on an ultra-low temperature surface 

was achieved by Eigler and Schweizer at IBM Labs during 1990 using a scanning-

tunneling microscope.119  



38 
 

1.4.3. Hierarchical Construction 

 

Figure 1.7. Examples of hierarchical self-assembly in natural and artificial 
systems. A) Hierarchical construction of collagen fibers into tendon.120 B) 

Nanoporous titanite crystal grown from individual titanate nanotubes.121 C) 
Self-assembled structure of tobacco mosaic virus into a helical structure from 

individual protein units.122 

 
Certain substances are capable of hierarchical complexity, or subunits forming 

larger subunits. A classic biological example of this phenomenon is the collagen fiber. 

From the very bottom: collagen triple helices bundle into small fibrils. The 
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crosslinked fibrils are bundled together to form larger fibers. In tendon, collagen 

fibers are bundled further: first into primary fiber bundles, then secondary fiber 

bundles, followed by tertiary fiber bundles and then finally tendon units (Figure 

1.7A.) One of the truly remarkable aspects of collagen and its role in tendon is the 

differences in scale between the 300 x 1 nm collagen triple helices to the 2-10 mm 

thick tendon units, from 10-9 to 10-2 m. Regardless of the presence of other materials 

and vasculature, the bulk of tendon is composed of collagen.120 Using collagen as a 

design cue, Liu et al. synthesized amylose-wrapped titanate nanotubes that 

assembled into hexagonally-packed crystals (Figure 1.7B.)121 Another natural 

example that exhibits strong hierarchical self-assembly is tobacco mosaic virus 

(TMV).122 The capsid of TMV is composed of helically-packed peptide that assemble 

into screw-like discs, wrapping a strand of RNA before growing into a 300 nm virion 

(Figure 1.7C). 

1.4.4. Colloidal Crystallization 

One example of hierarchical construction that is common with nanoparticles 

is colloidal crystallization. Colloidal crystals are three-dimensional lattices made from 

colloidal particles. Colloidal crystals are assembled through physical processes such 

as slow evaporation,85,123–126 solvent vapor diffusion,127 surfactant diffusion,128,129 

and mechanical compression.130–132 One type of naturally-occurring colloidal crystal, 

precious opal, is composed of hexagonally close-packed microspheres of amorphous 

silica.132 Without the tight packing, amorphous silica microspheres do not produce 

the brilliant prismatic coloration that opals are known for. Opals are essentially an 



40 
 

example of photonic crystals.133 Photonic crystals block the transmission of certain 

wavelengths of light depending on the particle lattice spacing.  Other materials such 

as latex microspheres134 and metallic nanoparticles can also be crystallized. Work by 

Kalsin et al.135 and Grzybowski et al.136 showed that ion-paired nanoparticle mixtures 

composed of silver nanoparticles with positively charged thiol ligands and gold 

nanoparticles with negatively-charged thiol ligands could form ionic crystals. 

Recently, work by Murray and coworkers has shown that binary and ternary shape 

alloys of different nanoparticles can be produced with careful tuning of the 

nanoparticle geometry.137–140 Colloidal crystals composed of AuNRs have been 

studied recently because of the high anisotropy of the nanorods and the strong SERS 

enhancement associated with their sharp tips.84,123,141–144 Optimizing the growth of 

AuNRs colloidal crystals has been an ongoing avenue of research. Interests in colloidal 

crystallization range from applications in purification144 to surface enhanced Raman 

spectroscopy,83,84,126,143,145 and optical bandpass materials. 146,147 

1.5. Extracellular Matrix 

Hierarchical construction is common in biology. Vertebrates are complex 

organisms composed of many layers of internal structure: cells compose tissues, 

tissues compose organs and organ systems, and organ systems constitute organisms. 

The interface between cells and other tissues, the extracellular matrix (ECM), is an 

increasingly more studied domain in biology for its role in controlling cellular 

fate,148,149 various diseases,150,151 and biomimetic applications for tissue engineering 

and scaffolding by the direct seeding of cells into the materials to grow into functional 
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and organized tissue.152–157 The composition of the ECM varies; however it generally 

consists of a hydrogel created by strongly hydrophilic proteoglycans interpenetrated 

by collagen fibers.158 The orientation of the collagen fibers can control the orientation 

of cells by signal transduction through the supramolecular complexes formed 

between membrane-bound integrin receptors and fibronectin.158,159 The ECM also 

plays important roles in disease processes such as cancer metastasis160,161 or as the 

result of genetic mutations such as the point mutations in collagen or fibrillin that 

cause osteogenesis imperfecta162 and Marfan syndrome,150 respectively.  

1.5.1. Collagen 

 

Figure 1.8. A) Illustration of 1BKV167, a collagen-like triple helical peptide 
showing trimeric structure of three peptide chains. B) Axial view from the C-
terminus of 1BKV. C) Schematic of 1BKV packing N- to C-terminus with D-
periodicity. D) TEM of Type 1 rat tail collagen fibril grown in PBS.  
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One of the most important components of the extracellular matrix is collagen, 

a polypeptide complex composed of three individual strands with interchangeable 

sequences (Figure 1.8A, B).164 Collagen plays a central role in connective tissue (as 

illustrated with tendons) and it provides structure and an attachment surface for 

embedded cells. In humans, collagen is the largest single constituent (by mass) other 

than water in the body.164 There are at least 16 different types of collagen found in 

humans, and 28 different types within all vertebrates.165 Collagens fill different roles 

in the body: the most common in humans is Type I which forms linear fibers such as 

those found in tendon.164 The diversity of roles and peptide configurations present in 

collagens is created by the variability of the three polypeptide strands that make up 

the initial triple helices, as many as 42 different polypeptide sequences are known.166 

The sequences of the chains vary slightly, but typically form ɑ-helices composed of 

the same (Xaa-Yaa-Gly)n sequence repeat, where Xaa and Yaa are frequently proline 

or hydroxyproline residues.165  

Type-1 collagen is synthesized through the translation of the COL1A1 and 

COL1A2 genes to produce individual polypeptide strands that are 1,464 and 1,366 

amino acids in length.167 In the cytoplasm, the polypeptide chains adopt an α-helical 

conformation and assemble through hydrogen bonding mediated by glycine amine 

hydrogens and the carbonyl oxygens on adjacent strands168 to form the rigid 

procollagen triple helix. After the assembly, the procollagen telopeptides are cleaved 

by procollagen N- and C-proteinases to form tropocollagen.  
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Tropocollagen, the final product of collagen biosynthesis, is a structure 

approximately 300 nm in length with a diameter of 1-2 nm.165 Beyond the cell, 

tropocollagen spontaneously assembles into fibers through hierarchical self-

assembly.165 Collagen fibril assembly begins with the electrostatic interaction 

between the N- and C-termini telopeptides.169 The process of assembly is then driven 

by the hydrophobic effect to minimize surface exposure by expelling water from the 

intermolecular space to generate a maximum entropy configuration.170 Collagen 

fibrils are small bundles less than 200 nm in diameter, but have a regular, repeating 

pattern visible by electron microscopy as a set of dark transverse bands.113 The dark 

bands are regions of overlapped tropocollagen chains adjacent to a gap region 

between the N- terminus and the C-terminus of the following peptide complex (Figure 

1.8C). The combined distance, the D-period, varies depending on the conditions 

present when the fibril was assembled and the precise amino acid sequence of the 

collagen polypeptides (Figure 1.8D). In other words, the D-periodicity is the distance 

between the beginning of one dark overlap band and the beginning of the adjacent 

dark overlap band.113 The gap regions are an important structural feature in bone 

because they nucleate the deposition of hydroxyapatite and are known to be the sites 

of initial nucleation of hydroxyapatite in skeletal tissue.171  

1.5.2. Two-Dimensional Surfaces 

The culture of adherent cells on a flat surface as a means to perform in vitro 

experimentation was only recently demonstrated in the latter half of the 20th 

century.172–174 Specialized surfaces prepared from rat tail collagen were first reported 
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by Bornstein et al. Reconstituted rat tail collagen adsorbed to glass slides and 

provided adherent cells with a basement membrane-like structure that enhanced 

cellular spreading and thus proliferation of adherent cells.174,175 However, because 

the collagen is randomly oriented, it is difficult to study cells that have a regular 

arrangement such as neurons. Patterning neuronal cells on a surface was first 

achieved by Kleinfeld et al. using photolithography and functional alkoxysilanes to 

define the pattern.176 With the advent of self-assembled monolayers (SAMs) of 

functional thiols on gold surfaces it became possible to arbitrarily pattern the surface 

functionality. Whitesides and coworkers explored the adhesion of various proteins to 

SAMs and the effect of pattern geometry on the adhesion and proliferation of 

cells.177,178  Poly(dimethylsiloxane) (PDMS) stamps made it possible to create 

arbitrary microscale patterns which could be printed onto clean gold surfaces. 

Functional thiols were a substantial improvement from the use of siloxanes because 

the ligand-substrate interaction was less ambiguous and no surface charges were 

exposed making it less complicated to control protein-substrate interactions.177 

Patterned surfaces of aligned liquid crystalline collagen have been reported179,180 by 

Price et al. and Kirkwood et al. as a means to directly print an arbitrary pattern of 

aligned collagen to control the orientation and distribution of adherent cells without 

the formation of collagen fibers.  

1.5.3. Three-Dimensional Scaffolds 

Expanding two-dimensional cell adherent surfaces to a third dimension makes 

it possible to create tissue using a bottom-up design strategy. Because most tissues 
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are three-dimensional and the environment that cells experience is typically three-

dimensional, such scaffolds are better approximations of the real world than 2D 

surfaces, especially for studying cell motility, differentiation, and tumor growth. A 

common type of a 3D scaffold is the hydrogel. Hydrogels can be prepared from many 

different biopolymers including collagen,181–184 chitosan,185–187 sodium alginate,157 

and the corresponding hybrid blends.187–189 Biomimetic hydrogels have been 

prepared from self-assembling peptide sequences.153,190–192 Synthetic, biodegradable 

polymers such as poly(vinyl alcohol),193 poly(caprolactone),194–196 and poly(DL-lactic 

acid-co-glycolic acid),197 and PLGA-PEG198 copolymers have also been used in the 

context of 3D cell culture because of their abundance, low cost, and excellent 

processability.  

Hydrogels typically have a randomly oriented internal structure of fibers of 

smaller fibrils. Creating ordered networks of cell adhesive material is a challenge with 

clear benefits in mimicking strongly ordered tissues. Because cells are responsive to 

environmental cues such as surface stiffness,199–202 ECM orientation,203,204 and 

repeated mechanical stimulation,205–207 controlling the mechanical and structural 

properties of 3D scaffolds such as stiffness and porosity is critical for designing 

suitable scaffolds for skeletal,208–212 muscular,211,212 nervous,213–215 and vascular 

tissues.192,196,216 A number of strategies have been proposed including 3D 

printing,217,218 flow processing,213,219 and electrospinning.220  
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1.6. Thesis Outline 

The construction of complex structures from simple building blocks is the 

foundation of bottom-up fabrication and the focus of the remainder of this thesis. 

Whether the building blocks are nanoparticles or peptides, evaporative self-assembly 

can be used to produce structures that would otherwise not be feasible to construct 

using lithography. This thesis is a progression of work beginning with the study of 

colloidal crystallization with gold nanorods and nanotriangles through the assembly 

of nanowires into regular networks and finally collagen and the glucosaminoglycan 

(GAG) chitosan into macroscopically large, periodic networks and ending on a study 

of cell adhesion and motility on the fabricated networks. Chapter II is a study of the 

colloidal crystallization of gold nanorods and gold nanotriangles using MTAB-

functionalized nanostructures and two methods of creating superlattices: slow 

evaporation in an enclosed environment and surfactant-mediated crystallization. We 

also demonstrate the potential for colloidal crystallization to be a method of purifying 

nanostructures from impurities such as spherical particles. Chapter III discusses the 

fabrication of gold nanowire networks using a supported grid. We utilized confocal 

microscopy to collect real time video of the assembly process in order to gain insight 

into its mechanism and predict what other structures were possible to create. Chapter 

IV discusses work with collagen and chitosan, two relevant materials for tissue 

engineering and how the same evaporative self-assembly process used for creating 

nanowire networks can be directly applied to creating networks of collagen and 

chitosan. Chapter V presents the effect of the self-assembled networks on adherent 
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cells. We created networks of gold nanowires, collagen, and of chitosan and seeded 

them with hTERT RPE-1 cells to test their potential in the context of cell culture. We 

performed fluorescence microscopy and scanning electron microscopy of samples 

containing adherent cells on the collagen networks and also collected time lapse 

video of cellular migration on collagen networks. Based on this work, we observed 

that despite being composed of the same material, adherent cells preferentially 

migrate to and proliferate on the collagen ‘fences’ or mercaptobenzoic acid 

functionalized gold nanowire networks without additional guidance. 
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Chapter 2 

Synthesis and Colloidal Crystallization 
of Gold Nanotriangles 

2.1. Introduction 

Gold nanotriangles (AuNTs) are a type of frustum-shaped gold nanoprism with 

a triangular base and edge lengths longer than the height of their lateral faces. Gold 

nanoprisms were originally a byproduct of pentahedrally-twinned gold nanorod (5’-

AuNR) syntheses. Millstone et al. and Duchene et al. developed improved syntheses 

of AuNTs through the addition of iodide ions and the exchange of 

cetyltrimethylammonium bromide (CTAB) for cetyltrimethylammonium chloride 

(CTAC), respectively.1,2 Recently, two high-yield syntheses were published by 

Scarabelli et al.3 and Chen et al.4 using seeded and seedless methods. 

AuNTs are plasmonic nanostructures with two distinct surface plasmon 

resonances: a quadrupolar and a dipolar plasmon.5 The dipolar plasmon is dominant 
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and can be tuned by changing the edge length of the triangular faces. This plasmon 

has a resonant wavelength between 600-750 nm depending on the particle edge 

length.3 The tips of gold nanoprisms are relatively sharp and are  known to be 

plasmonic “hot spots” where the electric field is amplified.6 Plasmonic hot spots are 

utilized in surface enhanced Raman spectroscopy (SERS) to enhance the relatively 

weak Raman scattering signal and enable a sub-micromolar resolution of analytes.3,7,8 

Some SERS substrates are composed of crystallized AuNRs which have electric 

field enhancement between the individual AuNRs. Crystallizing the particles 

maximizes the density of interparticle plasmonic hotspots.7,8 Typically, these 

structures are produced through evaporation-induced colloidal crystallization, a non-

equilibrium process whereby sessile droplets of AuNRs solution are left to slowly 

evaporate. A common landmark of this process is the formation of a ring containing 

large blocks of crystallized superlattices. The ring is created through a phenomenon 

known as the coffee ring effect. Solutions containing colloidal particles such as tea, 

coffee, or ink often leave a ring at the very edge of a sessile droplet. The coffee ring 

effect has implications in real world applications such as printing, agricultural 

spraying and electronics manufacturing.9 Until recently, the coffee ring effect was not 

well understood but work by Deegan et al. showed that the effect was the result of a 

convective flow within the droplet.10 Deegan et al. demonstrated that the rate of 

evaporation was faster at the edges of the droplet than in the center and liquid flowed 

from the center to the edge to compensate for this fluid loss to maintain the 

equilibrium pinning line or the air-water-substrate triple interface.  
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Still et al. demonstrated that the addition of small amounts of surfactants, 

enough to cover the air-water interface can radically change the deposition pattern 

of an evaporating droplet from a coffee ring to a solid disk.11 Later, Cui et al. reported 

that water-soluble polymers were also capable of interfering with the convective flow 

and produced more even coverage of particles.12 Adding a surfactant to the solution 

induces a reverse Marangoni flow derived from a surface tension gradient from the 

outside (low) to the center (high). The resulting flow is strong enough to generate 

eddies at the edge of the droplet that prevent particles from becoming immediately 

pinned at the triple interface.11  

Based on the previous work with AuNRs, there is a precedence for assembling 

AuNTs by a similar mechanism, and because of their sharp tips, AuNTs may be 

attractive building blocks for a SERS substrate.3,8,13 In addition, AuNTs have a unique 

morphology and very different symmetry compared to spherical and rod-shaped 

nanoparticles. This chapter describes the work performed on the colloidal 

crystallization of AuNTs synthesized using a scaled-up variation of the procedure 

described by Scarabelli et al. and compares this to previous work performed with 

amplified gold nanorods. 

2.2.  Results and Discussion 

In order to create large colloidal crystals, their building blocks must fit certain 

criteria: high shape purity, low size polydispersity and high colloidal stability. The 

first two criteria are a result of the particles synthesis; the final criterion is related 
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primarily to the surface functionality of the particles. Of the different syntheses in the 

literature, two were evaluated for their applicability to AuNTs colloidal 

crystallization. First, the seedless preparation described by Chen et al.4 and then the 

seed-mediated preparation described by Scarabelli et al.3  

2.2.1. Comparison of Synthetic Methods 

The Chen protocol is a one-pot reaction where a solution of HAuCl4 in CTAC is 

reacted with ascorbic acid in the presence of a trace amount of KI to produce AuI-

surfactant complex (Scheme 2.1).  NaOH is then added to raise the pH of the solution 

and to form a small population of [CTA]+[AuI(OH)xCly](x+y=2)- which rapidly 

disproportionates into 2Au0 and AuIII because of the high lability of the OH- ligand.14 

The in situ disproportionation creates small gold nuclei that grow into spheres and 

nanotriangles (by oxidative etching from the I- ions).4 While synthetically simpler, the 

seedless method generated polydisperse nanotriangles and was not easily 

reproducible. Additionally, this method produced a large number of spherical 

impurities that were not mentioned in the publication and the authors did not initially 

include a purification method so the precipitation method described by Khanal and 

Zubarev was used instead.15 

The Scarabelli protocol, on the other hand is a three-step procedure similar to 

the process to create pentahedrally-twinned gold nanorods (Scheme 2.1).16 First, 

seed particles are generated in a fashion most similar to the single-crystalline AuNR 

preparation by El-Sayed.17 Then, two growth solutions are prepared containing 

HAuCl4, CTAC, and NaI. The gold complexes in solution are reduced by the addition of 
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ascorbic acid to produce a transparent, colorless solution and the seed particles are 

then added to the first, smaller growth solution (G1) where they undergo rapid 

growth due to the deposition of Au0 generated by disproportionation reaction of AuI 

ions. 

 

Scheme 2.1. Comparison of methods by Chen et al. and Scarabelli et al. 
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Importantly, the other product of disproportionation reaction, AuIII ions, is 

rapidly reduced back to AuI state, which completes the catalytic cycle provided by the 

metallic gold seed particles. Finally, a portion of the first growth solution is added to 

the second growth solution (G2) and the growth continues by disproportionation as 

long as there is sufficient amount of ascorbic acid which is essentially a scavenger of 

AuIII species and the actual source of electrons. The resulting solution contains a large 

fraction of triangular particles as well as spherical particles that must be removed 

before any further work can be performed. 

2.2.2. Synthetic scale-up of AuNTs 

After selecting the seeded AuNT synthesis, the next challenge was to scale the 

reaction from its initial 40 mL volume to a much larger quantity. A large molar 

quantity of AuNTs is desirable for two reasons: first, to reduce the amount of variation 

between experiments by limiting the number of prepared batches, and second, 

because colloidal crystallization requires a very large amount of material in order to 

create each sample.  

Scarabelli et al. described their process as capable of synthesizing AuNTs with 

a narrow size distribution in batches up to a volume of 250 mL and that larger 

volumes would result in greater edge length polydispersity.3 The volume limitations 

to this reaction are related to the great speed of this reaction. Unlike syntheses of 

AuNRs which take between 2-18 hours, the seed-mediated synthesis of AuNTs is 

largely complete within 15 minutes. The transfer of seed particles from G1 to G2 must 

take place within 3 seconds and G2 must be completely mixed within 5 seconds. Large 
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volumes make it much more difficult to efficiently create a homogeneous solution 

because they do not mix as efficiently without the use of a larger mixing device. 

Because foaming is undesirable, an overhead mixer or an impeller stir bar might 

aerate the solution and is not an adequate choice. Hand mixing tends to avoid aeration 

or foaming and can generally fully mix a smaller volume within two to three seconds 

if the solution viscosity is not too high.  

 

Scheme 2.2. A scalable, multistep convergent synthesis of AuNTs. 

Because of mixing limitations, the largest reasonable volume to prepare was 

240 mL. In order to reduce the necessity for preparing multiple batches of AuNTs over 

the duration of the project, one large batch was desired. These two requirements are 
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not mutually exclusive, however. The solution to this problem was to create two large 

sets of growth solutions, break them up into smaller reaction batches and initiate the 

AuNT growth in all of the batches within a short period of time to ensure that the seed 

particles or growth solutions did not change in character. After preparing each small 

batch of AuNTs, the solutions were checked by UV-vis spectrophotometry that their 

spectra were the same and were then combined. This strategy was used to prepare 

960 mL of AuNTs solution. 

 

Figure 2.1. Physical appearance of AuNTs. A) Cuvette containing dissolved 
AuNTs in dilute CTAC. B) TEM micrograph of 60 nm AuNTs. Scale bar is 100 nm. 

Following an overnight storage in 0.15 M CTAC at 25 °C, the supernatant was 

carefully decanted into a clean flask to reveal a faint blue-gray film on the bottom. The 

film was gently rinsed with 0.2 M CTAC and a small amount of violet-colored impurity 

was removed. The remainder of the sediment was redispersed in 25 mL 0.01M CTAC 



70 
 

solution to produce an intense blue-green colored solution (Figure 2.1A). The isolated 

fraction was then examined by TEM and revealed a highly purified batch of AuNTs 

(Figure 2.1B).  Following the purification, the percent yield was determined by ICP-

OES and found to be ~43% of the original starting material. 

2.2.3. Purification of AuNTs 

 

Figure 2.2. UV-vis spectra of unpurified and purified AuNTs. The slight blue shift 
of the dipole peak is caused by the linear addition of the spherical particle 
spectrum.  

Purification of AuNTs from spherical impurities was performed using 

surfactant-induced depletion sedimentation. By adding extra surfactant, CTAC, the 

nanotriangles become less colloidally stable because of their large, flat faces as 
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compared to spherical particles. Depletion-induced sedimentation occurs by the 

formation of a short-ranged, entropic attraction between the surfaces of nearby 

particles.18 This attractive force is created when the smaller of two species (typically 

surfactant micelles) is at a high enough concentration so that the distance between 

the micelles is smaller than the size of the larger particles. Particle morphology 

determines the degree of exclusion from the smaller micelles: particles with large flat 

surfaces are excluded more than the ones with curved surfaces.18 Because spheres 

and plates have two very different geometries, one should expect that depletion-

induced sedimentation would result in a separation of the two morphologies. 

The UV-vis spectra before and after purification (Figure 2.2) are dramatically 

different. The spherical contaminant particles have an absorbance maximum at 

approximately 540 nm that is over 80% of the dipole absorbance at 655 nm. Spherical 

gold nanoparticles typically have lower extinction coefficients than do AuNRs or 

AuNTs so the amount of contamination in the unpurified solution must be very large. 

After purification, the peak at 540 nm is reduced to a shoulder and the supernatant 

does not show a peak at 655 nm.  

The UV-vis spectrum of the purified AuNTs shows two distinct features, a 

shoulder at 525 nm, and a single large peak at 660 nm. The shoulder corresponds to 

a quadrupolar plasmon oscillation and the large peak corresponds to a dipolar 

plasmon oscillation.5 The dipole plasmon is dependent upon the edge length of the 

AuNTs and a correlation table is provided by Scarabelli et al.3 Because the edge length 

is used to calculate the concentration of surfactant needed to precipitate the AuNTs 
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the observed shift in the dipole plasmon resonance from 655 to 660 nm is a 

complication.  

 

Figure 2.3. Effect of two overlapping distributions on the apparent peak 
position values. 

The observed shift is a result of the removal of the spherical particles. Because 

the spherical particles are in such abundance and UV-vis absorption spectra are 

typically the result of the linear addition of the individual constituent absorption 

spectra, the dipolar peak appears blue shifted because of the influence caused by the 

spherical particle spectra. This effect can be seen in the overlap of two Gaussian 

distributions of equal magnitude and standard deviation (Figure 2.3). The overlap of 
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the tails causes the apparent peak coordinates to shift towards each other because of 

linear addition. This effect leads to an underestimation of AuNT edge length by 5-10 

nm (between 10-20%) when compared to the purified particles by TEM. According 

to Scarabelli et al. a 1 nm shift in the dipole peak corresponds approximately to a 1 

nm shift in the edge length. Their table of CTAC surfactant concentrations necessary 

to precipitate particles with a given edge length has 5 nm increments. Thus, if the 

particles appear to have edge lengths smaller than they really are, the AuNTs are not 

purified as efficiently because more CTAC is added than is necessary and the purified 

AuNTs may require a second round of purification to remove residual particles. 

2.2.4. Colloidal Crystallization of AuNTs 

The colloidal crystallization of AuNTs was modeled closely to work performed 

on the colloidal crystallization of AuNRs. It was expected that AuNTs would behave 

similarly to AuNRs in the sense that they are both anisotropic and would have 

different orientations to the substrate and to each other as opposed to spherical 

particles which are highly symmetrical and isotropic. To accomplish these goals, two 

preparatory steps were necessary: functionalization with MTAB (see below) and the 

construction of a slow evaporation chamber. 

2.2.4.1. Functionalization with MTAB and Solution Preparation 

In the AuNR colloidal crystallization experiments, the AuNRs were covalently 

functionalized with 16-mercaptocetyltrimethylammonium bromide (MTAB), which 

is a thiolated analogue of CTAB, so that the concentration and the type of surface 



74 
 

ligand could be controlled without the particles undergoing irreversible metallic 

fusion. This process was repeated with AuNTs. MTAB-functionalized particles are 

very stable in water, strongly charged (ζ > +40 mV) and can be stored indefinitely at 

room temperature. This initial step was important so that the AuNRs and AuNTs 

could be manipulated without a risk of causing the aggregation when a non-covalent 

ligand (CTAB or CTAC) is removed from solution.  

2.2.4.2. Evaporation Chamber 

 

Figure 2.4. Humidity chamber constructed from a 400 mL beaker, a petri dish, 
and a sample.  

In order to reduce the rate of evaporation and slow down the crystallization, a 

humid chamber was constructed using a beaker filled to 400 mL with tap water, a 5 

cm plastic petri dish, and a glass petri dish lid (Figure 2.4). The petri dish was placed 

in the beaker and a small 1 cm silicon wafer was cut and placed into the center of the 
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dish. Afterwards, a 20 μL droplet of nanoparticle solution was placed in the center of 

the wafer and the lid was placed on top of the beaker. This assembly was left under 

ambient conditions (25 °C, 40% RH) overnight (12-18 hours). By performing a time 

lapse video study, it was determined that the drying time was approximately 8 hours, 

far shorter than the period of time the sample was left to dry. There are advantages 

in a longer drying period, namely higher order in the assembled nanoparticles so an 

improved humidity control chamber was sought. 

 

Figure 2.5. Improved humidity chamber with a colloidal crystal sample (lid 
removed). 

The final version was a 5 cm petri dish with a 1-inch inner diameter rubber O-

ring sealed to the bottom of the dish with silicone grease (Figure 2.5). The volume 

between the O-ring and the wall of the petri dish was filled with water and the sample 
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was prepared in the center of the O-ring. Samples prepared in this fashion were able 

to remain hydrated for as long as 72 hours. After preparation, the water was removed 

by pipette and the wafer was lifted with tweezers. 

The difference observed in the evaporation rate can probably be attributed to 

the headspace and exposed water surface area of each chamber. The beaker has a 

large volume of water but relatively little exposed surface area and a larger headspace 

which means that it takes longer to saturate the headspace with water vapor than it 

does the petri dish. Because removing the lid of either chamber desaturates the 

chamber atmosphere, the samples will evaporate to saturate the chamber 

atmosphere. The much smaller volume of the petri dish requires a shorter period of 

time to saturate and the seal between the lid and bottom of the dish is better than the 

petri dish lid of the larger version. Even when the large beaker was covered with 

parafilm, the solution evaporated faster than the smaller petri dish. 

2.2.4.3. Crystallization of AuNTs in CTAC 

Unlike CTAB, CTAC is easily dissolved in water and is soluble at 25% (w/w) at 

25°C. CTAB tends to crystallize from solution at relatively low concentrations when 

held at room temperature. Premature crystallization of the surfactant is undesirable 

because it reduces the concentration of surfactant present in the solution which is 

important for crystallization to occur. Because AuNTs precipitate via depletion-

induced sedimentation it was important to find conditions under which premature 

crystallization did not occur. To perform this task, a control experiment was 

performed where MTAB-functionalized AuNTs were suspended in pure water and 
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deposited on to a silicon wafer. After drying, the deposited particles were examined 

by SEM to reveal randomly piled AuNTs (Figure 2.6A). 

 

Figure 2.6. Scanning electron micrographs of MTAB-functionalized AuNTs (A) 
and AuNRs (B) deposited on a silicon wafer from a solution not containing CTAB 
or CTAC. Scale bars are 1 μm.  

The observed disordered accumulations of AuNTs were structurally identical 

to those previously found for MTAB-functionalized AuNRs (Figure 2.6B). Dugyala et 

al. demonstrated that silica mesorods with low aspect ratios (~4) accumulate 
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randomly in the coffee ring deposit area when dispersed in pure water.19 When the 

mesorods were dispersed in SDS they formed smectically-ordered deposits. Dugyala 

et al. determined that the effect of adding SDS reduced the rate at which the dispersed 

particles flowed towards the triple interface of the droplet which gave the particles 

more time to align themselves into more entropically favorable orientations leading 

to a more ordered structure. This effect has also been observed by numerous other 

authors as a result of an opposing Marangoni flow within the droplet.11,20–22 Because 

AuNRs and AuNTs are anisotropic, their orientation to each other when forming 

crystalline deposits is an important contributor towards the overall structure of the 

colloidal crystal. Spherical nanoparticles form isotropic lattices if the particles 

polydispersity is low because they are spherically symmetrical and lack any 

orientational order. 

When CTAC is added to the solutions (0.00125 M) the AuNTs behave in a very 

different manner. While the coffee ring effect was not completely neutralized by the 

addition of CTAC, the solid ring encountered in the control experiment was not 

observed. Instead, AuNTs in CTAC form blocks at the rim with large cracks and 

smaller aggregates within the central part of the droplet (Figure 2.7). A similar 

experiment was performed with 0.00125M CTAB and no remarkable differences in 

morphology or crystal quality were observed. In order to further mitigate the coffee 

ring effect, the evaporation rate must be reduced significantly to slow the convective 

flow towards the periphery of the droplet. 
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Figure 2.7. Scanning electron micrograph of crystallized AuNTs at low 
magnification. The samples are composed of two distinct regions: the coffee 
ring and the central portion of the droplet. Scale bar is 100 µm. 

CTAC appears to serve two different roles in the formation of the deposited 

colloidal crystals. First, it acts in the same manner that SDS does with silica mesorods 

by slowing the deposition of AuNTs at the peripheral coffee ring area and second, 

CTAC may also act as a depleting agent even at very low initial concentrations because 

the surfactant concentration increases as a result of the reduced solution volume. 
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Figure 2.8. Low magnification scanning electron micrograph of coffee ring 
blocks (A). Scale bar is 30 μm. Detail of stair-steps showing vertically-standing 
AuNTs that are packed into a 3D superlattice (B). Scale bar is 1 μm. 
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The larger blocks at the coffee ring had a terraced appearance with 20-30 steps 

from the exterior of the droplet towards the interior (Figure 2.8A). Higher 

magnification images revealed that these steps were single increments in height 

created by vertically-oriented AuNTs (Figure 2.8B). Both the edge faces and the tips 

of the adjacent particles are visible at high magnification (Figure 2.9). The terraced 

arrangement of AuNT layers only occurs at the edge of the droplet. The origin of this 

effect is likely due to the accumulation of particles at the stable contact line. The initial 

colloidal crystals are nucleated at the liquid-air-substrate interface, afterwards they 

grow into ordered colloidal crystals along the contour of the droplet. Each row is the 

result of another initial nucleation event at the triple interface. The subsequent 

deposition of particles behind the first row is likely due to depletion-induced 

attraction.  
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Figure 2.9. High magnification image of the vertically-standing AuNTs showing 
thesides and the tips of adjacent AuNTs as well as the partial internal disorder 
caused by the opposite orientation of the AuNTs within different rows of the 
superlattice. Scale bar is 200 nm. 

Closer examination of the central region reveals that the crystals have highly 

faceted edges and with either hexagonal or rectangular shape. In addition, they have 

one of two different orientations of AuNTs relative to the surface (Figure 2.11). The 

distribution of horizontally- (hexagonal profile) or vertically-oriented AuNTs 

(rectangular profile) within the crystals in the central region is approximately 60:40. 

This observation is significantly different from the habit of the crystals at the coffee 

ring. The particles at the coffee ring form large crystalline blocks without a well-
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defined external shape because the packing that occurs at the coffee ring is driven by 

a convective flow.  

 

Figure 2.10. Model of AuNT colloidal crystal showing 1 (red) and 2 (green) 
layers. A) Complete crystal. B) Exploded view showing inverted AuNTs in the 
tetrahedral holes of the lattice. 

The lattice of the AuNTs does not immediately appear to be hexagonally close-

packed (Figure 2.9). However, closer examination shows that there are two distinct 

planes within the unit cell that are very tightly meshed together. Figure 2.10 shows a 

model assembly with the C3 rotational axis pointing up through the lattice and the 

inverted AuNTs occupying the tetrahedral holes of the unit cell. This close contact is 

due to the slanted edges of the AuNTs leading to a very small lattice spacing that is 

not immediately apparent by SEM.  
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Figure 2.11. Colloidal crystals of AuNTs from the central region: AuNTs are 
oriented parallel to the surface in hexagonally-shaped crystals, whereas AuNTs 
are perpendicular to the surface when they consitute rectangularly-shaped 
crystals. Scale bar is 40 µm. 

The AuNTs are oriented so that their bases (as frustra) are perpendicular to 

the C3 rotation axis of the lattice, thus when the AuNTs are parallel to the surface the 

resulting crystal is a hexagonal prism (Figure 2.12A, B). Conversely, when the C3 

rotation axis is parallel to the surface, the edges of the AuNTs are visible instead of 

their large faces, and the particles are vertically-standing with respect to the surface 

(Figure 2.12C).   
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Figure 2.12. Surface-parallel crystallization results in hexagonally-shaped 
crystals (A, scale bar is 4 µm). The AuNTs form a hexagonal lattice (B, scale bar 
is 500 nm). Surface-perpendicular orientation (standing) results in rectangular 
crystals (C, scale bar is 2 µm). 
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The synthesis of AuNTs produces a substantial population of spherical 

particles that tend to phase separate and show up frequently on the surfaces of 

otherwise well-ordered AuNT crystals (Figure 2.12C, Figure 2.13). The appearance of 

spherical particles on the surfaces of the crystals suggests they may be responsible 

for interfering with crystallization. 

 

Figure 2.13. Spherical contamination on the edge of a crystal. Scale bar is 1 μm. 

Simultaneously, there is a reason to believe that the spherical particles deposit 

in the very late stages of crystallization when the concentration of triangular particles 
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is proportionally low because the concentration of CTAC is high enough to force the 

AuNTs out of solution. Spherical particles are much more stable in a surfactant-laden 

solution than are the AuNTs as seen with the purification method described earlier. 

2.2.5. Comparison of AuNT crystallization to AuNRs 

Because AuNRs and AuNTs are both anisotropic structures with geometries 

that differ significantly from that of a spherical particle, it could be beneficial to 

compare and contrast the self-assembly behavior of both species independently. 

First, the point groups for both AuNRs and AuNTs are different.  

2.2.5.1.  Morphology of AuNR crystals 

The coffee ring deposition of AuNR crystals is somewhat different from AuNTs. 

Instead of large flat planes, spine-like assemblies form at the periphery with a 

predominantly surface-parallel orientation. One remarkable feature of the coffee ring 

depositions is the extremely large size of the resultant colloidal single crystals. As 

seen in Figure 2.14A, several structures are in excess of 30 µm in length while 

accounting for cracking. The AuNRs are oriented perpendicular to the growth of the 

spine but are parallel to the surface (Figure 2.14B). Crystal growth appears to occur 

in an orientation dependent basis. This observation is likely due to orientational 

differences in interparticle attraction and the entropic effects associated with the 

release of solvent molecules (water) upon close packing and aggregation of solute 

particles. 
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Figure 2.14. SEM image of a partial coffee ring area formed by AuNRs. A) Spines 
grow inward from the coffee ring as opposed to the blocks observed with 
AuNTs. Scale bar is 50 µm. B) AuNRs in these structures tend to be surface-
parallel. Scale bar is 3 µm. 
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Crystals found close to the coffee ring region of the droplet are largely spine 

but diminish towards the center of the droplet (Figure 2.15). Conversely, there is an 

increase in the number of smaller surface-parallel semicircular and rhombus-shaped 

disks. In most cases these disks are laying directly on the surface (Figure 2.16A). 

Immediately adjacent to the disks laying on the surface are small accumulations of 

AuNRs that appear to have been formerly attached to the disks suggesting that the 

disks were standing prior to drying (Figure 2.16B).  

 

Figure 2.15. A crystal size and morphology gradient exists from the coffee ring 
to the central region of the droplet. Sample is tilted 45 degrees. Scale bar is 100 
µm. 
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Figure 2.16. SEM image of AuNR colloidal crystal. A) 45-degree view of a 
semicircular structure with a broken base. Scale bar is 3 µm. B) High 
magnification image showing the vertical and horizontal orientation of AuNRs 
with respect to the substrate. Scale bar is 1 µm. 
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Because AuNRs and AuNTs have very different geometries the packing appears to be 

very different.  

 

Scheme 2.3. Crystallization of AuNRs on a growing array showing the relative 
growth rate along both the longitudinal and transverse axis of the AuNRs. 
Deposition is preferred along the transverse axis. 

For instance, AuNRs tend to crystallize along the transverse direction where the 

nanorods pack parallel to each other because doing so maximizes the reduction in the 

hydrated surfaces and thus reduces the number of water molecules involved in the 

hydration shell of the growing aggregate. By reducing the number of water molecules 

directly associated with the nanorods, the entropy of the solvent increases and the 

entropy of the nanorods decreases; there is a net gain in entropy of the system as a 

whole. The addition of a new row increases the surface area of the crystal more than 

it does a crystal where the AuNR has been added to a preexisting row. The entropy of 

the water molecules increases due to an increase in rotational and translational 

freedom because they are no longer constrained by the polarization created by the 

nanorods. Creating an additional row does not increase the entropy of the water as 
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much as adding to an existing row (Scheme 2.3) because the initial gains to solvent 

entropy are less favorable than addition to a preexisting row. 

2.3. Conclusions 

The large scale synthesis of AuNTs using the Scarabelli method proved 

successful for synthesizing particles suitable for surfactant-assisted colloidal 

crystallization. The assembly of AuNTs can be performed efficiently with a low 

headspace atmospheric control chamber and can produce abundant prismatic 

structures by reducing the rate of evaporation. Major differences in the structures of 

crystallized AuNTs and AuNRs are visible and can be attributed to the differences in 

the intermolecular interactions between particles. Depletion-induced attraction used 

to purify AuNTs from contaminant particles may be responsible for the types of 

structures produced with slow evaporation. The colloidal crystallization of AuNTs 

into macroscopically large structures is still yet to be seen, however there is still room 

for improvement. 

2.4. Materials and Methods 

2.4.1. Materials 

Hydrogen tetrachloroaurate trihydrate (HAuCl4•3H2O, 49%, metals basis), 

cetyltrimethylammonium chloride (CTAC, 25% w/w in water), sodium borohydride 

(NaBH4, >99%, ReagentPlus), sodium iodide (NaI, ≥ 99.5%, ACS Reagent), and 

ascorbic acid (99%, ACS Reagent) were purchased from Sigma-Aldrich. P-doped 



93 
 

silicon wafers were purchased from University Wafers (Cambridge, MA). All reagents 

were used as received. 16-mercaptocetyltrimethylammonium bromide was prepared 

as described by Vigderman et al.24 Amplified AuNRs were previously synthesized and 

functionalized using MTAB.8,24 All solutions were prepared in Milli-Q water (18 MΩ). 

Aqua regia was prepared using a 3:1 blend of trace metals grade HNO3 and HCl and 

used immediately after preparation.  

2.4.2. Synthesis of 60 nm AuNTs using a Convergent Synthesis 

2.4.2.1. Seed Solution 

Gold seed particles were synthesized by adding 43 µL of 0.0289 M HAuCl4 • 

3H2O to 4.7 mL of 0.1 M CTAC in an 8-dram vial. A stir bar was placed in the vial and 

the solution was stirred at 1200 RPM. While stirring, 300 µL of 0.01 M NaBH4 was 

rapidly added in one injection by pipet. The color of the solution turned brown and 

was left stirring for 5 min before being left to age for 30 minutes. After aging, 600 µL 

of the seed solution was diluted in 6 mL of 0.1 M CTAC in a separate vial.  

2.4.2.2. Growth Solutions 

Two growth solution stocks were prepared, G1, and G2. G1 was prepared in a 

50 mL Erlenmeyer flask and contained 0.879 mL of 25% CTAC and 37.5 mL water. 

276.8 µL of 0.0289 M HAuCl4 • 3H2O was added to G1 followed by 60 µL of 0.01 M NaI 

to form a yellow-colored solution. G2 was prepared in a 2 L Erlenmeyer flask and 

contained 65.76 mL of 25% CTAC diluted with 894.4 mL of water, 20.76 mL of 0.0289 

M HAuCl4 • 3H2O and 7.2 mL of 0.01 M NaI added sequentially and mixed by gentle 
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shaking. Carefully, G1 was split into four 9.6 mL volumes in 6-dram vials and 80 µL of 

0.01 M AA was added to each followed by gentle mixing.  Likewise, G2 was split into 

four 240 mL portions in 500 mL Erlenmeyer flasks and 2.4 mL of 0.01 M AA was added 

to each followed by gentle mixing to produce colorless solutions.  

2.4.2.3. Synthesis of 60 nm AuNTs 

Sequentially, 300 µL of the diluted seed solution was added to the small 

growth solutions followed by rapidly hand-mixing the vial for ~2 sec followed by the 

addition of the entire resulting solution to the large growth solutions. The combined 

solutions transition from red through violet to dark blue over the course of 5 min, 

finally, the solutions were left to rest at room temperature for 2 hrs. To remove 

spherical and other impurities, 30.24 mL of 25% CTAC was added to each flask and 

then gently mixed. The solutions were left to rest overnight. After 16 hrs, the 

supernatant in each flask was carefully decanted. The flasks were rinsed with 10 mL 

each of 0.1M CTAC, the rinse solution was discarded and then 25 mL of Milli-Q H2O 

was added to each flask followed by vigorous hand mixing to resuspend the purified 

nanotriangles. After resuspension, the nanotriangles were concentrated by 

centrifugation at 4200 RCF for 10 minutes. 

2.4.3. ICP-OES Analysis of AuNTs 

A 1 mL aliquot of purified AuNTs (OD=10) were precipitated with the addition 

of 10X DPBS and centrifugation at 22000 RCF for 10 minutes. After centrifugation, the 

supernatant was removed and replaced with a second portion of 10X DBPS to 
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produce an insoluble pellet. The supernatant was removed and the particles were 

digested with the addition of 0.5 mL of aqua regia (3:1 HNO3:HCl.) After digestion, the 

solution was diluted to 10 mL with 1% HCl. 

2.4.4. Functionalization of AuNTs with MTAB 

10 mL of OD=10 AuNTs in 0.01M CTAC were added to a 15 mL conical vial and 

10 mg of 16-mercaptocetyltrimethylammonium bromide (MTAB) was added as a dry 

powder. The solution was vortex mixed until the MTAB dissolved and the tube was 

left at 27 °C in a water bath overnight. After incubating, the AuNTs were purified by 

two rounds of centrifugation at 8000 RPM for 10 minutes followed by redispersion in 

Milli-Q H2O. 

2.4.5. Colloidal Crystallization of AuNTs 

A small amount of silicone vacuum grease was spread on to one side of a 

rubber 1-inch I.D. gasket and placed in a 5 cm petri dish. The space between the walls 

of the petri dish and the gasket was filled with water and left for 10 minutes to check 

for leaks. A silicon wafer was cut to approximately 1 cm x 1 cm and placed in the 

opening of the gasket. A 20 µL droplet of concentrated (OD=32) MTAB-AuNT solution 

in 0.00125 M CTAC was placed on the center of the wafer and the dish was closed 

with a lid and left to dry for two days. After evaporation completed, the sample was 

gently rinsed with ethanol to remove excess CTAC and then imaged using a scanning 

electron microscope. 
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Chapter 3 

Synthesis and Evaporative Assembly of 
Gold Nanowires 

3.1. Introduction 

Evaporative self-sssembly (ESA) is a broad description of processes that 

utilize evaporation of a solvent to drive aggregation of solute species into ordered 

micro- and macro-scale arrangements.1 Some ESA techniques take advantage of 

substrate modification to orient and position particles by hydrophobic-hydrophilic 

patterning;2 others utilize interfacial phenomena such as stick-slip deposition caused 

by the contractile depinning of the solvent from the substrate.3,4 The materials that 

can be assembled range from linear polymers5 to nanoparticles6 and complex 

biomolecules.7 Interfacial phenomena strongly influence these processes and are 

highly dependent upon the exact composition of the assembly solution and the 

apparatus used to control the assembly process.1,8  
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One type of nanostructures with potential applications in electronics and 

sensing is the metallic nanowires.9–12 The small diameter and high aspect ratio 

(~100) make them attractive for electrical interconnects because they can span large 

distances (microns) without as many individual junctions as spherical particles 

would require.9 It also follows that with the need of fewer junctions between particles 

in a given distance, nanowires should offer superior sheet conductivity over 

microwires composed of spherical particles. Furthermore, silver nanowires can be 

annealed to form tight junctions with resistance contributions below the resistance 

of the nanowires themselves.10 Another potential application of gold and silver 

nanowires is their use as plasmonic waveguides for optoelectronics.13–15  

Gold nanowires can be synthesized by three different methods; the resulting 

structures are unique to the synthetic conditions utilized. First, aluminum oxide-

templated nanowires can be synthesized using electrodeposition of gold complexes 

to form surface-bound arrays of polycrystalline nanowires useful in sensing.16 

Second, seed-mediated processes can be utilized to grow pentahedrally-twinned 

nanowires from pentahedrally-twinned high aspect ratio gold nanorods in an 

acidified growth solution of Au+ ions in CTAB aqueous solution.16,17 Heterometallic 

Ag-Au-Ag triblock nanowires can also be synthesized using gold nanorod18 or gold 

decagon seeds.19 The third method is the synthesis of ultrathin nanowires with an 

average diameter less than 2 nm using oleylamine as a capping group coordinated to 

AuCl followed by reduction from added alkyl silanes.20,21 The resulting nanowires are 

very flexible and can be templated into regular networks using solvent evaporation 

and converted into highly conductive networks with sintering.22 



100 
 

Gold nanowires make ideal candidates for the construction of regular 

networks by evaporative self-assembly. However, the elegance of ESA is confounded 

by the degree of control necessary to prepare large, uniform assemblies. This chapter 

describes the development of a process to assemble pentahedrally-twinned gold 

nanowires into millimeter-large periodic networks using commercially available 

TEM grids. This chapter also discusses the chemistry of gold nanowire growth. 

Network characterization was performed using confocal and scanning electron 

microscopy. 

3.2. Results and Discussion 

3.2.1. Seed Mediated Synthesis of Gold Nanowires 

 

Figure 3.1. Pentahedrally-twinned seed AuNRs used for growing gold 
nanowires. Scale bar is 200 nm. 
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The seed-mediated synthesis of gold nanowires uses purified pentahedrally-

twinned gold nanorods (5’-HANRs, Figure 3.1) as seed particles in an acidified growth 

solution containing CTAB, HAuCl4 and ascorbic acid.9,23  

 

Scheme 3.1 Formation of a metallomicelle complex with [CTA]+[AuCl4]- and 
CTAB followed by reduction by ascorbate anion to [CTA]+[AuBr2]-.24 

The growth solution consists of 2.5×10-4 M HAuCl4 in a 0.1M CTAB solution 

with 5.5×10-4 M ascorbic acid (2.2 molar equivalents relative to Au(III) ions 

concentration) and 12 M hydrochloric acid (1 mL per 100 mL of reaction mixture). 

Solutions of HAuCl4 are bright yellow, however upon addition of concentrated HAuCl4 

to the 0.1M CTAB solution, the combination is a deep orange. The color change is due 

to the formation of a [AuBrXClY(X+Y=4)]- metallosurfactant complex with the [CTA]+ 

cation.24,25 It is important to note that gold nanorods have been prepared with the use 

of HAuBr4 instead of HAuCl4, thus there is no need for additional Cl- and Cl- does not 

play a major role in the synthesis of gold nanorods when the primary halide source is 

Br-.26 Because of the large excess of Br- in the solution, the chloride ions introduced 

from the HAuCl4 are largely displaced from the complex and because the ratio of Br- 

to Cl- is very large, it is convenient to write the complex as [CTA]+[AuBr4]- because the 

shift in equilibrium towards a fully bromide-coordinated Au(III) complex is nearly 

complete. UV-vis spectrometry of AuBr4- in water compared to AuCl4- in 0.1M CTAB 
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shows very little difference with a strong absorption arising from a ligand-metal 

charge transfer (LMCT) at 380 nm suggesting a complete ligand exchange.27 A 

counterexample is the addition of HAuCl4 to a solution of CTAC where no spectral shift 

occurs.28  

 

Scheme 3.2. Conversion of Au(III) ions to Au(0) via disproportionation 
reaction of Au(I) ions catalyzed by metallic gold seed particles. 

The addition of ascorbic acid reduces [AuBr4]- to [AuBr2]- (Scheme 3.1Scheme 

3.2). In the synthesis of gold nanowires, all of the Au(III) ions are converted to Au(I) 

ions prior to the addition of the 5’-HANR seed particles. Some evidence suggests that 

this process takes place through a 5-member chelate ring between the ascorbate 

anion and the Au(III) species.29 Upon addition of the seed particles to the solution, 

AuBr2- ions bind to the surface of the metallic gold seeds and at a high enough surface 

density, undergo electron transfer between  the adsorbed Au(I) ions 

(disproportionation).26,30 After electron transfer involving three Au(I) species, two 
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metallic atoms Au(0) are deposited onto the surface and a single [AuBr4]- ion is 

released back into solution (Scheme 3.2).26,30 The Au(III) is then converted back to 

Au(I) by the residual scavenging ascorbate still present in the solution. This process 

repeats until all of the ascorbate has been fully consumed and oxidized to 

dehydroascorbic acid (DHA). The addition of HCl to the solution protonates a fraction 

of the ascorbate anions and slows the reaction kinetics by reducing the availability of 

free ascorbate by reducing the rate at which the Au(III) is converted back to Au(I). 

HCl may also change the interaction between the CTA+ cations and the surface.31  

During the course of the reaction, Au(I) ions preferentially disproportionate 

on the tips of the CTAB-capped 5’-HANRs. This tip-confined disproportionation leads 

to linear elongation and a one-dimensional growth. The origin of the anisotropy 

comes from the differences in the crystallographic planes exposed on the long faces 

versus the tips. The tips of the nanorods are {111} faceted, whereas the longitudinal 

faces are {100} crystal planes.32 CTAB binds to {111} facets with a lower packing 

density than {100} facets; 1.09 vs 1.40 Br- ions/nm2, respectively.33 In addition, the 

efficient packing of linear CTAB molecules is unlikely on the tips due to their much 

higher surface curvature. The resulting lower density of CTAB packing at the tips 

makes them much more accessible for Au(I) ions adsorption and therefore leads to 

acceleration of disproportion reaction at the tips area. 

As the synthesis progresses, the nanowires grow large enough to settle out of 

solution and appear as a thin film on the bottom of their reaction flask. After the 
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synthesis, the nanowires are purified by removing the supernatant and replacing it 

with fresh 0.1M CTAB solution at least twice. 

Using an Erlenmeyer flask would sometimes lead to the formation of 

chemically fused nanowires, particularly if some nanowires had aggregated into large 

clumps during the sedimentation process. The first hypothesis was that there was still 

a small quantity of residual Au(I) left in solution that had not reacted with the 

nanowires and thus, when the wires clumped, the Au(I) species would react with 

nearby surfaces and chemically weld them together. One cause of this may be because 

the wires are sedimented against the bottom of the flask while there was still residual 

Au(I) ions in solution. Keeping the nanowires in solution may be able to reduce the 

clumping that occasionally occurs. Agitation in the form of a stir bar leads to 

aggregation of wires at the contact line between the top of the solution and the flask 

or vial where evaporation can lead to the destruction of the CTAB bilayer on 

nanowires that approach the interface. Mixing on a nutating mixer also leads to fusion 

in a similar fashion. Nanowires synthesized using a rotisserie mixer, where the axis 

of a borosilicate vial or conical tube was rotated tangentially along the plane of 

rotation and where the nanowire solution was in constant motion and no stagnation 

was allowed, were often of high quality and did not show signs of chemical fusion.  

After the synthesis on a rotisserie mixer, the nanowires were left to sediment. 

After sedimentation, the supernatant was replaced with fresh 0.1M CTAB and the 

wires were briefly redispersed by hand mixing. Redispersion by sonication results in 

the destruction of the product. Sedimentation and redispersion was typically 
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repeated three times to ensure that none of the original reactants remained in the 

solution. The solutions used for preparing gold nanowire networks were made from 

0.007 M CTAB solution with 5-7 μm nanowires. It is important to note that nanowires 

in 0.007 M CTAB are not permanently stable and tend to fuse or aggregate after two 

to three weeks. 

 

Figure 3.2. Darkfield optical image of gold nanowires (AuNWs) on a glass slide. 
Scale bar is 100 μm, collected at 40X magnification using an Olympus upright 
microscope. 

After purification, the AuNWs were imaged using optical and electron 

microscopy techniques. Because of their large dimensions, a basic upright microscope 
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equipped with a dark field objective (Figure 3.2) or polarizing filter is sufficient to 

detect individual AuNWs and their aggregates. 

 

 

Figure 3.3. Scanning electron micrograph of AuNWs on silicon substrate.  

 
Transmission electron microscopy is not an efficient method for imaging gold 

nanowires because of the necessity for low magnification and the small number of 

wires per field of view. Typically, scanning electron microscopy is performed to 
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accurately estimate the average length and width and confirm the purity of AuNWs 

(Figure 3.3) because many wires can be imaged simultaneously. 

3.2.2. Assembly of Gold Nanowires 

 

Scheme 3.3. Assembly of AuNWs using an unsupported TEM grid.34 

The original method for assembling AuNWs into networks by evaporation 

induced self-assembly was developed by a previous graduate student, Dr. Pramit 

Manna.34 In the original protocol, a droplet of gold nanowires solution was placed on 

top of a gold 400-mesh (400 lines per inch) bare TEM grid and placed onto a silicon 

wafer with tweezers. The solution was then left to slowly evaporate. After 

evaporation, the grid was removed with tweezers and scanning electron microscopy 

revealed a connected network of gold nanowires beneath the areas initially covered 
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by the grid’s bars (Scheme 3.3). Because the substrate was nontransparent (silicon 

wafer), there was no optical method of determining the mechanism by which the 

nanowires became trapped beneath the bars of the grid. The investigation was 

primarily focused on optimizing the assembly method because despite producing 

assembled nanowires, the domains of ordered nanowires were frequently small. 

Reproducing the initial work was difficult and time consuming because the nanowire 

assembly was being performed on silicon chips, post-assembly analysis was only 

possible by scanning electron microscopy and no imaging could be performed in real 

time. 

To resolve this limitation and also better understand the assembly 

mechanism, the silicon wafer was replaced with a borosilicate glass coverslip so that 

the process could be imaged using a dark field microscope. As the solution 

evaporated, capillary wicking would disturb the nanowires and the solution would 

stream out because of uncontrolled tilt and flexure of the grid. 
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Scheme 3.4. Assembly of AuNWs using a nickel spacer. 

It was suspected that unwanted wicking could be reduced by leveling the grid 

by inserting a hollow spacer between the grid and the glass. To accomplish this goal, 

a small nickel TEM aperture with an inner diameter of 2000 µm was used. In this 

optimized configuration, a nickel TEM aperture was placed onto a borosilicate glass 

coverslip and a 1 µL droplet of nanowire solution was placed in the center of the 

aperture. Carefully, a nickel TEM grid was placed on top of the solution with tweezers 

and the solution was left to evaporate under ambient conditions. The drying process 

typically took 5-10 minutes and the grid was removed afterwards to reveal a network 

of assembled nanowires (Scheme 3.4).  
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Figure 3.4. Comparison of assembled nanowires without (A) and with (B) a 
spacer ring placed beneath the grid. Scale bar in both images is 375 μm. 

The improvement of the assembled networks was immediately evident as the 

number of poorly bundled nanowires or broken networks were reduced (Figure 3.4). 

One commonly encountered result prior to introducing the spacer was the formation 

of broad double-layered bundles (Figure 3.4A) caused by the grid physically touching 

the glass before the solution had completely evaporated. This problem was largely 

resolved by the introduction of the spacer ring (Figure 3.4B).  
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Figure 3.5. Bright (A) and dark (B) field microscopy images of 200 mesh 
hexagonal networks of AuNWs on borosilicate glass coverslip. Scale bars are 
250 µm. 
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Figure 3.6. Square networks of gold nanowires. A) 200 mesh (HD200-Ni) 
nanowire network showing staggered …ABABAB… pattern of window sizes. 
Scale bar is 500 um. B) Higher magnification image showing alignment of 
nanowires. Scale bar is 125 µm. C) 100 mesh (HD100-Ni) nanowire networks 
showing network with three-arm intersections and little obvious patterning. 
Scale bar is 500 um. D) Higher magnification image showing strong three-arm 
interface motif. Scale bar is 125 µm. 

Both square, and hexagonal networks were prepared using this template-

directed method. Hexagonal grids form high quality networks that tightly match the 

pattern of their templating grid (Figure 3.5A) and are nearly complete with few 

nanowires in the windows (open areas) of the network. Dark field microscopy 
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highlights the locations of the wires by their characteristic orange-yellow color 

(Figure 3.5B).  

In addition to hexagonal networks, square grids can also be employed to 

produce quasi-regular networks (Figure 3.6). Perhaps unexpectedly, the assembled 

networks do not have four-arm intersections, but rather contain almost entirely 

three-arm intersections between each cell in the network. There is also a difference 

between the 100 and 200 mesh square grids that is characteristic and not seen with 

hexagonal networks. 200 mesh grids produce a tiling of 4 and 8-sided cells in an 

…ABABAB… pattern (Figure 3.6A, B) but 100 mesh grids produce a much more 

disordered network with primarily truncated 6-sided cells (Figure 3.6C, D). The 6-

sided cells can have either an adjacent short side or an opposite short side, this 

configuration appears to be stochastic and is likely influenced by the grid. On 100 

mesh grids, 7 and 8-sided cells also appear, but they are much less frequent than with 

the 200 mesh grids. Implementations of these nanowire networks that might require 

a predictable, highly organized network are likely not suitable candidates for using a 

square grid as opposed to the hexagonal, or honeycomb networks.  
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3.2.3. Scanning Electron Microscopy 

 

Figure 3.7. A) 100 mesh gold nanowire network. Scale bar is 1000 µm. B) 
Assembled AuNWs using a 100-mesh G100H-Ni grid on silicon. Scale bar is 250 
µm.  
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Figure 3.8. Triple intersection of AuNWs on silicon. Scale bar is 5 μm. 

 
Scanning electron micrographs of assembled gold nanowire networks on 

silicon showed bundles of aligned wires between 2-3 microns in width (Figure 3.8) 

across the entire face of a GA2000 (OD=3.05 mm, ID=2.0 mm) aperture, oriented 

along the pattern of a G100H-Ni TEM grid (Figure 3.7A) Higher magnification images 

showed that few nanowires were positioned in the windows of the networks 

suggesting that such an assembly could be used as a transparent electrode. 

Discontinuities in the network (Figure 3.7B) are due to the method of assembly 

because the wires flow through the liquid channels. Heterogeneities such as clumped 
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wires or variations in evaporation rate can cause gaps to form during fabrication. 

Gaps can also form after rinsing due to solvent displacement. Because of the high line 

density of the assembled nanowire networks, implementation in human interface 

devices such as touch screens is likely not compromised by the occasional gap.  

3.2.4. Assembly Mechanism 

Discovering that the square grids produced irregular networks was surprising 

and in order to determine the cause of this irregularity a study of the evaporation 

process would be required. Because the grid rests on top of the nanowire solution an 

upright microscope cannot image the nanowires beneath the grid. This limitation was 

overcome by using an inverted laser scanning confocal microscope (Nikon A1 Rsi) to 

image the wires from beneath the glass coverslip.  

Usually, confocal microscopes are used in conjunction with fluorescent dyes 

such as DAPI or AlexaFluor488 in the context of imaging cells or tissue, however the 

instrument can also be used to image nanowires by utilizing the scattering of laser 

light.16 Additionally, confocal microscopy also makes it possible to collect three 

dimensional reconstructions of a sample because of the very shallow depth of field 

created by a pinhole in the optics of the instrument. With these features in mind, 

confocal microscopy was an ideal method to better understand the process of 

nanowire assembly. 

https://paperpile.com/c/pwlmj7/SJBI
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Figure 3.9. False-color time lapse of AuNWs assembly collected by laser 
scanning confocal microscopy. Nanowires are shown in yellow. Scale bar is 125 
µm. 
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A Nikon A1-Rsi confocal microscope was configured to collect video at a rate 

of 15 frames per second using a piezoelectric scanner. To collect the scattered light, 

the 630 nm far red laser was used with the photomultiplier tube (PMT) filters 

removed. In order to better see the position of the TEM grid, the Transmission 

Detector (TD) was left in place to capture light passing through the sample. The 

scattered light was collected on the 630 nm channel and each frame was compiled 

into a video (Figure 3.9). The nanowires in Figure 3.9 are shown in yellow. During the 

first five minutes of evaporation there is no significant change to the position or 

orientation of the nanowires and they do not appear to be under any sort of 

convective flow. After approximately 7 minutes, a small bright spot appears in the 

center of each window where a circular triple interface has appeared creating a two-

dimensional air bubble. The bubble quickly expands towards the bars of the grid and 

cleanly sweeps all nanowires in its way. The bubbles continue to expand until they 

collide with each other under the bars of the grid and the wires are bundled together 

and oriented along the interface between the neighboring bubbles (9 minutes). 

Because all the bubbles emerge roughly at the same time and expand at the same rate, 

the wires align along the bars and eventually form a continuous hexagonal network. 
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Figure 3.10. 3D laser scanning confocal reconstructions of evaporating solution 
of SDS and rhodamine. Scale bar is 325 μm. 

In order to understand the shape of the water contour beneath the grid and 

develop a model that would help explain the process better, a 3D reconstruction was 

created. To do this, a four-dimensional movie of rhodamine and SDS aqueous solution 

composed of 3D reconstructions collected over the course of the drying time (Figure 

3.10) was captured. The grid is much farther away from the substrate when 

evaporation begins than it is just before drying completely, meaning that the solution 

overfills the volume of the TEM aperture ring. As the solution evaporates, the grid 

gets closer to the substrate and then at a critical point, the solution within the 
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windows of the grid begins to deform and turn into a meniscus. The meniscus 

eventually touches the glass and a small bubble opens up in the center of each window 

(7 minutes). The bubbles in each window expand outward beneath the bars of the 

grid until they finally collide as a 3D network of very thin lines of solute (11 minutes). 

Remarkably, there are vertical pillars that essentially connect two hexagonal networks 

positioned one on top of the other. 

 

Figure 3.11. Time lapse video of SDS solution evaporating with rhodamine on a 
200 mesh square grid. 
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Networks of gold nanowires very closely match the lattice of a hexagonal grid, 

but they do not closely match the lattice of a square grid. To attempt to answer this 

question, an identical experiment was performed using laser scanning confocal 

microscopy (Figure 3.11). One key difference in the evaporation process appears 

after 4 minutes of drying. Initially, the bubbles that form in each window are circular 

and collide into regularly spaced, square lattices. However, when the films become 

thin, the deformation seen in Figure 3.6A and B appears. The simultaneous shrinking 

and enlargement of adjacent foam cells occurs in the last seconds before the solution 

completely evaporates. Furthermore, the formation of the three-arm intersections 

occurs only after the thickness of the liquid bridges has reached a critical point. 

3.2.5. Assembly Parameters 

Optimization was focused around three controllable parameters that had a 

direct effect on the quality of assembly (completeness of the network). These 

variables included substrate composition, surfactant concentration, and grid 

geometry. 

3.2.5.1. Substrate Composition 

The composition of the substrate affects the adhesive force between the 

nanowires and the glass caused by charges on the surface and the CTAB bilayer on 

the nanowires. Most notably, when comparing the assembly of gold nanowires on 

borosilicate glass coverslips and soda lime glass slides, the greater hydrophilicity of 

the surface limited assembly and caused the formation of diffuse rings of nanowires 
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as opposed to tight bundles. Furthermore, the droplet placed in the aperture ring 

would leak out from beneath the nickel spacer reducing the volume of liquid beneath 

the grid and causing the assembly to fail. A solution of 0.007M CTAB wets a soda lime 

glass surface with no discernable contact angle, whereas the same solution will form 

a sessile droplet on borosilicate glass with a discernable contact angle. The main 

difference between borosilicate glass and soda lime glass is the content of sodium 

oxide used in manufacturing. Sodium oxide increases the number of basic silicates 

within the glass matrix and on the surface, whereas borosilicate glass has far fewer 

basic silicates and thus has fewer charges on the surface. Using a very hydrophobic 

surface such as PDMS did not produce well-aligned networks because the droplet 

would detach from the surface as a result of the hydrophobicity of the polymer. A 

similar result occurred on poly(methyl methacrylate) as well. P-doped Silicon 

produces good results as seen by SEM imaging (Figure 3.7). 

3.2.5.2. Surfactant Species and Concentration 

Because the surfactant reduces the surface tension and interacts with the 

liquid interfaces at both the air and substrate, its role is crucial in the assembly of 

nanowires. Cetyltrimethylammonium bromide (CTAB) and cetyltrimethylammonium 

chloride (CTAC) were tested at concentrations below 0.025 M. MTAB-functionalized 

gold nanowires gave us a convenient method of removing all residual CTAB from the 

AuNWs by repeated dispersion into pure water. When using CTAB, gold nanowire 

assembly occurs over a narrow concentration range.  At concentrations below 

0.007M, the solution evaporates to a critical volume, where dimples have formed in 
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the windows of the grid but then spontaneously broke because the surface tension 

was too high. At concentrations above 0.01M, CTAB deposits beneath the bars of the 

grid putting space between adjacent bundles of wires blocking their collision and 

coalescence and results in the formation of two distinct bundles. When CTAC is used, 

the TEM grid cannot be removed without destroying the sample because the CTAC 

does not fully dehydrate and instead forms a sticky deposit that cannot be removed 

without destroying the nanowire network. 

3.2.5.3. Grid Geometry 

TEM grids are circular, thin, flat, electroformed meshes with a wide metal ring 

on the periphery. There are several geometric parameters that exist for every TEM 

grid including: pitch, bar width, grid thickness, window diameter and pattern (Table 

3.1). Each of these parameters has a direct impact on the ability for the grid to 

produce an assembled network. For instance, for a 50 µm spacer, only nickel grids 

with a line spacing between 100 and 200 mesh were capable of assembling gold 

nanowires. A benefit of using thinner grid bars 22 µm vs 40 µm was observed for the 

hexagonal grids, but not for the square ones. When nickel grids were used with higher 

line density such as 300 and 400 mesh, the solution depinned from the substrate, 

retracted across the opening of the aperture and failed to produce a network. 

A bubble is initially spherical in shape because the pressure on the inside and 

outside is equal in all directions. If the bubble is disturbed by elongating its shape 

along one axis it will revert back to its spherical shape after the disturbance has been 

released. Using grids with holes that have diameters smaller than the distance 
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between the grid and the substrate strain the bubble film along the Z-axis until it 

ruptures because the grid does not deflect significantly enough towards the substrate 

to ease the strain. 

Table 3.1. Geometric parameters of TEM grids. Shown are square grids, 
hexagonal grids have same measurements. 

Grid Part Mesh (LPI) Pitch (h+b) 
(µm) 

Hole (h) (µm) Bar (b) (µm) 

G100 100 250 205 45 
G200 200 125 90 35 
G300 300 83 58 25 
G400 400 62 37 25 

HD100 100 250 200 50 
HD200 200 125 85 40 
HD300 300 83 45 38 
HD400 400 63 30 33 

 

Looking at the grids presented in Table 3.1, a trend may be observed in which 

grids successfully generate complete networks. Grids with a hole diameter that is 

greater than twice the thickness of the spacer tend to work with the notable exception 

of the 200 mesh grids which for both the G200 and HD200-type grids have hole 

diameters slightly less than twice the thickness of the spacer. This discrepancy can be 

explained as a matter of the grid being flexible and bending under the strain of the 

water film.  The original method described by Manna can be used to prepare 400 

mesh networks because the grid is likely much closer to the substrate during the 

drying cycle while not directly touching the surface until the solution completely 
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evaporates. In order to employ higher mesh grids using a separating spacer, a thinner 

spacer is required. 

Working on the basis that the assembly is caused by the collision of expanding 

2D air bubbles to form a foam, a rudimentary understanding of foams helps limit the 

scope of the investigation and creates a better model for this system. The formation 

of bubble plateaus (Figure 3.10) is consistent with work on quasi-two-dimensional 

foams.35,36 Quasi-two-dimensional foams are foam monolayers trapped between two 

surfaces. They behave somewhat like simulated two-dimensional foams, but have 

depth unlike an infinitely thin foam.  

 

Figure 3.12. Result of creating Plateau’s Law compliant polygons from a square 
lattice foam. A) Original square lattice. B) “Popped” vertices showing quasi-
regular pattern of unit cells. 

Square TEM grids do not produce four-arm intersections with 90° angles 

between each intersecting line segment. Typically, three-arm intersections with 120° 

https://paperpile.com/c/pwlmj7/wooBm+UAmar
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between each intersecting line segment are observed (Figure 3.6). According to 

Plateau’s Laws, foam films meet at 120° angles and where four films meet, as in a 

three-dimensional foam, they meet at 109.47°.35 Because the line segments are the 

result of a foam film and the films are constrained between two flat surfaces, the ideal 

tetrahedral, 109.47° angles between foam plateaus is not possible.36 Instead, only 

three-arm intersections are possible. 

The collision of bubbles formed by a square grid will always produce three 

arm vertices because the intersection of two bubbles along a plane results in the 

formation of two, three arm intersections with 120° angles between each film.36 This 

occurs because soap films are minimal surfaces, or the smallest surface to enclose a 

given volume. The consequence of this effect is seen clearly with the 200 mesh grids 

(Figure 3.6B) by the formation of an ABAB tiling of squares and octagons.  

Computer simulations (using Surface Evolver)37 of an ideal two-dimensional 

foam with a square lattice reveal that after a single iteration the network is no longer 

square but contains an array of “popped” vertices with three arms each (Figure 3.12). 

In this ideal case, the cells of the foam are largely truncated and distorted hexagons. 

This model, however, does not account for the three dimensionality of the structure 

and the width of the grid bars. Consequently, while it does demonstrate that the 

networks obtained with 100 mesh square grids are compliant with the computer 

models, it does not demonstrate the observed “large-small” tiling of the 200 mesh 

square nickel grids.  
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Figure 3.13. Transformation of a four-arm intersection into two sets of two 
three-arm intersections. Adapted from Sullivan.36 

Furthermore, the random nature of the vertex popping observed with the 100 

mesh grids makes it difficult to control the precise shape of a network created with a 

square TEM grid (Figure 3.13). Hexagonal networks, on the other hand, have ideal 

three-arm 120° intersections and do not need vertex rearrangement to reach an ideal 

configuration.36 

Equation 3.1. Von Neumann equation for the rate of area change for a 2D 
bubble. Mobility coefficient (M), surface tension (γ), number of sides (n). 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= −2𝜋𝜋𝜋𝜋𝜋𝜋(1 −
1
6
𝑛𝑛) 

In Figure 3.11, the square bubbles are shown to become smaller as the solution 

evaporates while the octagonal bubbles become larger. This observation can be 

explained by work from von Neumann.38 Foams undergo a phenomenon called foam 

coarsening to reduce the surface energy of the foam cells contained within. Von 
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Neumann found a linear equation that solved the change in surface area of a two-

dimensional foam based on the number of sides (Equation 3.1).38 

In foams composed of hexagonal cells, the surface area of each two-

dimensional bubble will be constant. Because the 200 mesh square grids produce 4-

sided and 8-sided bubbles, the 4-sided bubbles will shrink, and their contained gas 

will diffuse into the 8-sided bubbles resulting in smaller squares and larger octagons. 

The random nature of the vertex popping makes it difficult to control the 

precise shape of a network created with a square TEM grid (Figure 3.13). Distant 

regions on the grid may have different initial orientations which leads to the 

formation of a grain boundary and further distortion. Hexagonal networks, on the 

other hand, have ideal three-arm 120° intersections, do not need vertex 

rearrangement to reach an ideal configuration, and are also not subject to changes in 

enclosed surface area (Equation 3.1).36  

A curious case of nanowire assembly is when a special “variable mesh grid” is 

used. The grid has four quadrants, each quadrant has either 150, 200, 300, or 400 

mesh line spacing in a square-tiled arrangement. During evaporation, bubbles form 

in the lower mesh windows first and touch the glass. The higher mesh windows (300 

and 400) do not form bubbles, but instead detach from the surface leading to a 

massively distorted assemblage of AuNWs (Figure 3.14). In this example, the grid 

serves as an attachment surface for the foam film, but the minimal energy 

configuration of the foam is very different than what the grid dictates.  
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Figure 3.14. Variable mesh grid assembly of AuNWs showing an off-grid 
network driven by the contact and spreading of bubbles. 

Keeping these factors in mind, certain rules can be written for what grids and 

patterns can be used to assemble nanowires: First, the smallest grid hole must be at 

least twice the diameter of the thickness of the spacer; second, the grid holes must be 

composed of convex polygons; third, the width of the grid bars must be sufficient to 

allow for shifting of the film, at a minimum 40 µm. With these geometric parameters 
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in mind, networks with more arbitrary and even highly complex shapes can be 

produced. 

3.2.5.4. Grid Composition 

Finally, the composition of the grid has a role in the quality of the resulting 

networks as well. Because the grid is under the load while the solution is evaporating, 

it will bend in the center towards the substrate. The degree of flexure depends on the 

modulus of elasticity as well as with the thickness of the grid and the width of the 

bars. A simple model of this effect is shown by the elastic deflection of a beam 

spanning a gap with a uniform load. 

Equation 3.2. Elastic deflection (𝜹𝜹𝜹𝜹) of a uniformly loaded beam. (q) Uniform 
load on the beam. (L) Length of the beam. (E) Modulus of elasticity. (I) Area 
moment of inertia of cross section. 

𝛿𝛿𝑐𝑐 =
5𝑞𝑞𝐿𝐿4

384𝐸𝐸𝐸𝐸
 

By changing the composition of the material, the modulus of elasticity changes 

and results in a change in the deflection of the beam. 

Table 3.2. Young’s Moduli of different TEM grid materials. 

Material Young’s Modulus (N/m2) (GPa) 
Gold 79  

Copper 117 
Nickel 200 

Molybdenum 330 
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Through experimentation it was found that nickel grids tended to work the 

best overall. Molybdenum grids with a 200 mesh line spacing did not produce 

networks of good quality. Gold grids were too flexible and the networks never formed. 

Finally, copper grids worked on an irregular basis. 

3.3. Conclusions 

Gold nanowires synthesized with a seed-mediated wet chemical method were 

assembled into highly periodic networks using evaporative self-assembly driven by 

the formation of 2D air bubbles that forced solute particles (AuNWs) to align along 

the interface between them. Hexagonal and square networks with an area of 6 mm2 

can be produced on both silicon and borosilicate glass substrates. Because of the 

complex nature of the assembly process, physical parameters such as the grid 

geometry, composition, and substrate composition must be taken into account. Laser 

scanning confocal microscopy was used to better understand the process and 

construct rules for what constitutes a usable template. Additionally, this project 

demonstrates for the first time that continuous millimeter-large networks of gold 

nanowires with a high degree of periodicity can be assembled without any expensive 

and cumbersome lithographic technique using a commercially available template 

that cost less than $0.75 and takes less than 10 minutes.  
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3.4. Materials and Methods 

3.4.1. Materials 

Cetyltrimethylammonium bromide (>99%, BioXtra), hydrogen 

tetrachloroaurate (>49%, Metals Basis), sodium dodecyl sulfate, and Rhodamine-B 

were purchased from Sigma-Aldrich (St. Louis, MO). Ascorbic acid was purchased 

from Acros Organics (Geel, BE). Hydrochloric acid (37%) was purchased from EMD-

Millipore. GA2000-Ni, HD100-Ni, HD200-Ni, G100H-Ni, and G200H-Ni TEM grids 

were purchased from Electron Microscopy Sciences (Hatfield, PA). Borosilicate glass 

coverslips and soda lime glass slides were purchased from Fisher Scientific. 

3.4.2. Synthesis of 5-7 μm gold nanowires 

3.64 g of CTAB was added to a clean 200 mL Erlenmeyer flask and 100 mL 

Milli-Q water was added and heated with a heat gun until all of the CTAB had 

dissolved. A 0.05M stock solution of HAuCl4 was prepared by dissolving 984 mg in 50 

mL Milli-Q water. A 500 µL aliquot of the 0.05M HAuCl4 stock solution was added to 

the 0.1M CTAB solution and the flask was swirled resulting in a yellow-orange 

solution. To acidify the solution, 1 mL of 12M HCl was added (pH ≈ 1.5) and the flask 

was swirled. The Au(III) ions present in the solution were reduced to Au(I) state by 

the addition of 550 µL of 0.1M ascorbic acid (2.2:1 AA:HAuCl4) and the solution slowly 

became colorless over the course of 2 minutes. 

A solution of 160 x 20 nm high-aspect-ratio gold nanorods (HANRs) that were 

previously prepared using the synthesis described by Khanal20 were used as seed 

https://paperpile.com/c/pwlmj7/Ibn4
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particles. 1000 µL of the HANR seed solution was added to the growth solution and 

the flask swirled for 30 seconds to mix. The combined solutions were left in a water 

bath at 28 oC overnight. The nanowires appeared as a thin brown layer at the bottom 

of the flask with a colorless supernatant. To purify the nanowires from unreacted 

Au(I) ions and ascorbic acid, the supernatant was removed by vacuum aspiration and 

replaced with 100 mL of fresh 0.1M CTAB solution; this process was repeated twice, 

and a final third time redispersed AuNWs into 25 mL of 0.1M CTAB solution. 

The nanowires were measured with SEM and showed an average length of 5 

microns and an average diameter of 50 nanometers. 

3.4.3. Assembly of gold nanowires with a supported TEM grid 

Nanowire networks were prepared by using a grid supported by a metal 

spacer. In brief, a GA2000-Ni TEM aperture ring was placed onto a borosilicate glass 

coverslip and a 1 µL droplet of nanowires suspended in 0.007M CTAB solution was 

placed in the center of the aperture. After placing the droplet, a 200 mesh HD200H-

Ni TEM grid was placed on top of the droplet and spacer to make a sandwich. The 

sample was covered by a small petri dish and left to dry for 10 minutes. The HD200H-

Ni grid was then removed with tweezers and the gold nanowire network was gently 

washed with acetone to remove residual CTAB and then examined under a dark field 

microscope for completeness. This procedure can be used for CTAB (AuNWs in 

0.007M CTAB) or MTAB-capped AuNWs with similar results. 
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3.4.4. Laser scanning confocal microscopy of gold nanowire assembly 

A Nikon A1-Rsi laser scanning inverted confocal microscope was utilized to 

collect three-dimensional reconstructions of the nanowire assembly process. Briefly, 

the microscope was equipped with a galvanometer scanner and a freshly-prepared 

assembly sandwich was placed onto the stage. The sample was illuminated with a 630 

nm laser without any filters so as to collect the reflected light from the wires. The 

scanner was set in resonant mode collecting at a rate of 15 frames per second and the 

assembly was left to dry. After drying, the collected images were converted into a 

time-accelerated MPEG-4 movie using Windows Movie Maker (Microsoft 

Corporation). 

3.4.5. 3D Reconstruction time-lapse video of SDS and rhodamine B 

Time-lapse Z-stack confocal laser scanning microscopy was performed on a 

Nikon A1 Rsi confocal microscope equipped with a Mad City Labs Piezo Stage and a 

20X DIC dry objective (NA=0.75). A typical grid assembly was prepared with a 1 µL 

droplet of 0.0003M rhodamine B in 0.014M SDS aqueous solution placed in the 

opening of an A2000-Ni TEM aperture on a 25 x 60 mm borosilicate coverslip and a 

H100-Ni TEM grid (Electron Microscopy Sciences, Hatfield, PA). A 488 nm laser was 

used to excite the Rhodamine B dye and its fluorescence was collected between 500-

550 nm. Each frame in the video consists of 50 optical slices (512 x 512 pixels) 

collected at 2 μm vertical intervals with a total thickness of 100 μm. The total time to 

complete all 50 optical slices for each frame was 4 sec. A delay of 1 sec between Z-
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stacks was used to allow the microscope time to transfer the data to the control 

computer and to reset the position of the stage.  
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Chapter 4 

Assembly of Collagen and Chitosan 
Networks by Evaporative Self-

Assembly 

4.1. Introduction 

Biopolymers such as collagen and chitin give strength to the skeletons and 

exoskeletons of vertebrates and invertebrates, respectively. Collagen is the primary 

structural element in connective tissues and is a critical component of the 

extracellular matrix. 28 types of collagen with different amino acid sequences and 

helices exist in nature.1 Roughly one third of the protein mass in humans is composed 

of collagen, the most abundant type of collagen being Type I accounting for 80-90% 

of the mass of collagen.2 Most collagen helices contain a repeating Xaa-Yaa-Gly 

sequence where the Xaa and Yaa residues vary, although they are typically 

hydroxyproline and proline, respectively.1  

https://paperpile.com/c/AEzqIL/AYnf
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Composed of two α1 and a single α2 polypeptide chains, Type I collagen is a 

linear triple helix with an average length of 300 nm and a diameter of 1-2 nm.1 Under 

physiological conditions, the collagen triple helices bundle together into entropically-

favored fibrils via hydrogen bonding. A repeating 67 nm spacing of collagen 

molecules leads to a “gap” effect visible with transmission electron microscopy.3,4 The 

gap regions found in collagen fibers are known to be the nucleation sites of 

hydroxyapatite crystallites and serve a critical role in the construction of bone.5,6 

Collagen is used to improve cellular adhesion to cell culture surfaces.7,8 In vitro, 

adherent cells proliferate better on collagen-treated surfaces than on rigid surfaces.8 

Controlling the orientation of adherent cells is possible through controlling the 

alignment of collagen fibers.9 Various means have been developed to accomplish 

these goals including the use of superconducting magnets,10 electrospinning,11–13 

excimer laser ablation,14 microfluidic devices,15 and dip-pen nanolithography.16 

While surface patterning can be achieved, the major downsides to these techniques 

are the high initial capital investment and the lack of long-range order and specific 

orientation of collagen fibers.  

Scheme 4.1. Preparation of chitosan from chitin using base-catalyzed 
deacetylation.  
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Chitin poly(β-(1→4)-N-acetyl-d-glucosamine) is an abundant 

glycosaminoglycan found in the shells of crustaceans, insects, and as a structural 

polymer in some fungi among many other natural sources.17 Globally, the only 

biosynthesized material that outpaces chitin production is cellulose.17 As a feedstock 

chemical, chitin is typically derivatized to create other end products.  The first 

modification most commonly performed is a deacetylation of the N-acetyl group to 

produce the randomly deacetylated polymer, chitosan.18 Deacetylation is performed 

industrially by base hydrolysis at elevated temperature (Scheme 4.1). The primary 

amine and primary alcohol on each saccharide monomer make chitosan a versatile 

platform for secondary modification. N-acyl and N-carboxyalkyl chitosans can be 

synthesized using aldehydes and monochloroacetic acid, respectively.19 The primary 

alcohol can be exploited for the synthesis of O-carboxyalkyl chitosans.20  

Chitosan has been proven as a wound healing material with intrinsic 

antibacterial properties and has other potential commercial applications as additives 

for cosmetics, nutrient enhancers in livestock feed, contact lenses, and metal-

chelating compounds for water purification.20,21 Because of the natural abundance of 

chitin and the simple reactivity to produce chitosan there may be ecological 

advantages over using purely synthetic materials in these applications as well. 

Both chitosan and collagen can be solution processed thus making them ideal 

candidates for the evaporative self-assembly process described in Chapter 3. With 

this in mind, and the applications of these materials as cell scaffolds, there was a 

motivation to study collagen and chitosan in the context of evaporative self-assembly. 
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This chapter describes the development of highly-oriented and periodic networks of 

collagen and chitosan by using foam-derived evaporative self-assembly.  In addition, 

this chapter presents their microscopic characterization and the spatial scale up from 

small to very large 200 mm2 networks using custom templates as a means to produce 

macroscopically large self-assembled structures suitable for cell culture.   

4.2. Results and Discussion 

4.2.1. Assembly of Collagen Networks 

The assembly of Type-1 rat tail collagen into hexagonal and square networks 

was accomplished using the same general protocol used to organize gold nanowires 

into networks. Briefly, a solution of acid-solubilized collagen was placed in the 

opening of a TEM aperture ring on a borosilicate glass slide, a nickel TEM grid was 

placed on top of the solution and the sample was left to evaporate to dryness.  

After removing the grid, faint refractive lines were observed in the center of 

the aperture. Investigation by optical microscopy showed a hexagonal network of 

collagen deposited along the axes of the grid bars. Using polarized light microscopy 

proved most effective in initial characterization of the assembly of collagen. 

Birefringence was observed under crossed polarizers suggesting the presence of 

highly aligned collagen bundles that constitute the periodic continuous network 

(Figure 4.1). Because collagen is an anisotropic structure, the refractive index will 

vary depending upon the orientation of the polarized light.22 Highly oriented collagen 
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networks (6 mm2 in area) were produced using this method for both square and 

hexagonal networks (Figure 4.2).  

 

 

Figure 4.1. Birefringence of 100 mesh collagen network. A) Parallel analyzer 
and polarizer. B) Analyzer rotated 90 degrees. Scale bar is 200 µm. 
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Figure 4.2. Full disk views of birefringent collagen in hexagonal (A) and 
square (B) networks. Scale bar is 300 µm. 

Sputter-coated collagen networks were examined by scanning electron 

microscopy to understand the three-dimensional structure of the networks. The 

birefringent lines seen by polarized light microscopy were determined to be very thin 

standing films of collagen (Figure 4.3A), or “fences”. Closer examination showed that 

the collagen films were highly strained evidenced by the degree of pleating present 

at the three-arm interfaces (Figure 4.3B). 
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Figure 4.3. A) 200-mesh collagen network on silicon substrate. Scale bar is 100 
µm. B) 45-degree tilted view of a collagen fence showing pleating at the 
intersections. Scale Bar is 40 µm. 
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Because of the high profile nature of the collagen fences it was not possible to 

collect information about the cross-section of the fence. To accomplish this goal, FIB-

milling was utilized to examine the cross-section of the sample (Figure 4.4). FIB-

milled samples were shown to be less than 50 nm at the top of the fence and between 

500-1000 nm at the base (Figure 4.4B, C). Accounting for the thickness of the gold 

sputter coat (10 nm on each side), the films were too thin for whole collagen fibers 

and would only be several molecules of collagen in thickness at the top. 

 

Figure 4.4. FIB-milled collagen. A) Oblique view of milled collagen fence. Scale 
bar is 2500 nm. B) View of the fence base. Scale bar is 700 nm. C) Top of the 
collagen fence. Scale bar is 750 nm. 

Examination of the grid assembly without removing the TEM grid showed that 

there was a depression in the center caused by the flexure of the nickel grid towards 

the glass. Inspection of the substrate-facing side of the TEM grid showed short 
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collagen films standing on the bars of the grid suggesting that the collagen fence either 

tore after removing the grid or after the network became dehydrated (Figure 4.5).  

 

Figure 4.5. Inverted TEM grid showing the presence of collagen on the 
substrate-facing side. Scale bar is 50 µm. 

With this finding in mind, some imperfections can be explained as a matter of 

the network fences tearing at the substrate instead of half way; this problem affected 

samples prepared with higher concentrations of collagen because the collagen was 

thick enough to withstand peeling from the substrate and instead tore from the 

substrate.  
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Figure 4.6. TEM micrograph of collagen network formed on carbon TEM grid. 
Because of the height of the fence, the structure is completely obscured. Small 
fibrils are visible along its periphery. Scale bar is 4 µm. 

Transmission electron microscopy was attempted on the samples, but due to 

the large height of the fences it was not possible to obtain the information about the 

morphology of the fence itself (Figure 4.6). The region surrounding the fence out to 8 

µm, however contained fiber-like structures tilted towards the axis of the fence. In 
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other regions, where the fence failed to form, small fibrils were visibly oriented along 

the axis of the grid (Figure 4.7).  

 

Figure 4.7. Small collagen fibrils are aligned along the axis of a failed fence 
suggesting that birefringence is a consequence of aligned collagen in the fences. 
Scale bar is 2 µm. 
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4.2.2. Assembly of Chitosan Networks 

 

Figure 4.8. 100 mesh medium molecular weight chitosan network as imaged by 
polarized light. Scale bar is 500 µm. 

Chitosan networks were prepared in an identical fashion to collagen except 

with a different concentration of the polymer. Typically, networks were prepared 

from solutions of 10 mg/mL low molecular weight chitosan dissolved in 0.1 M acetic 

acid. Chitosan does not dissolve as readily as does collagen and requires a substantial 

amount of mechanical agitation to completely dissolve the hydrocolloid. The 

networks of chitosan appeared birefringent under polarized light which suggested 
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that the polymer was anisotropic in its dehydrated state (Figure 4.8). In solution, 

chitosan behaves like a semiflexible rod similar to collagen, and the solution-phase 

conformation may apply to the solid state as well.23,24 

 

Figure 4.9. Colorized SEM micrograph of a 100 mesh low molecular weight 
chitosan network showing porous fences and the 3D structure of the assembly. 
Chitosan is colored in yellow, glass substrate is colored in blue. Scale bar is 150 
µm. Colorized by Jane Park. 

Scanning electron microscopy revealed that the chitosan, unlike the collagen, 

did not tear when the grid was removed but rather retained the grid-facing side as 

well as the substrate-connected side of the fence (Figure 4.9). Furthermore, the 

chitosan fences were largely porous as opposed to the solid collagen fences. 
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Figure 4.10. Details of chitosan network showing a vertical pillar connecting 
the grid-facing and substrate-facing sides of the 3D network. Scale bar is 30 

µm. 

One question that was first encountered with the assembly of nanowires was 

whether the pillars observed in the three-dimensional reconstruction of SDS 

evaporating beneath a grid in Chapter 3 were an artifact of the imaging technique or 

if they were real. Because chitosan network retained its 3D shape after drying and 

pillars were visible at the collision points beneath the bars there was now a definitive 
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proof of the interconnection of two hexagonal networks through vertical pillars, i.e. 

the three-dimensionality of the self-assembled structures produced by our simple 

and inexpensive technique that does not involve any lithography (Figure 4.10).  

4.2.3. Parameters Affecting Assembly of Collagen 

Process optimization with collagen structures was focused on four different 

areas: collagen concentration, acetic acid concentration, collagen source, and the 

geometry of the grid. These factors were expected to be most important when 

controlling the quality of the collagen networks. 

4.2.3.1. Collagen and Acetic Acid Concentration 

 The most easily adjusted parameters for assembly were the concentration of 

collagen and the concentration of acetic acid. In order to prevent the collagen from 

prematurely forming fibrils the pH must be kept low (pH = 2-3). Protonation of amino 

acids such as arginine and lysine provide a positive charge to the polypeptide 

complex. Typical literature preparations call for dissolving collagen in 0.1 M acetic 

acid to use as a working solution.  

The ideal concentration range for collagen was empirically determined to be 

2.0-2.5 mg/mL in 0.1 M acetic acid. This range was acceptable for most TEM grids that 

were tested. At low concentrations, the collagen networks were very thin and often 

did not completely form. At high concentrations, the collagen networks were prone 

to tearing (Figure 4.11). 
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Figure 4.11. Collagen networks assembled with a concentration range from 1.0 
to 3.0 mg/mL in 0.1 M acetic acid with HD200H-Ni TEM grids. 

4.2.3.2. Collagen Source 

The animal source and vendor of the collagen proved very important to 

achieving high quality networks. Solutions of Type I rat tail collagen from Corning, 

Gibco and Sigma-Aldrich were initially used, but were unreliable and often gave 

irreproducible results. Lyophilized rat tail collagen dissolved in 0.1 M acetic acid 

proved most reliable and produced consistently high quality networks. Lyophilized 

bovine skin collagen was also tested as a lower cost alternative to using rat tail 

collagen, but it was not possible to create networks because of a large amount of 

insoluble material that interfered with the foam and the formation of 2D air bubbles. 

4.2.3.3. TEM Grid Geometry and Composition 

Assembling collagen networks into different patterns was achieved by the use 

of different TEM grids. The most common commercially available TEM grids have 

either a hexagonal (honeycomb) or square pattern (Figure 4.12). The size of the 

windows in the TEM grid varies along with the thickness of the grid bars. The sum of 
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the window diameter (hole) and the bar width (bar) is the pitch of the grid. For 

hexagonal grids, the pitch is measured between the opposite sides. 

 

Figure 4.12. Effect of varying mesh size and grid pattern while retaining 
collagen concentration. 2.5 mg/mL collagen was used with 100, 200, 300, and 
400 mesh nickel TEM grids with both square and hexagonal patterns. 

The grid also has a thickness component, which determines the amount of 

flexure under load. TEM grids are available in gold, copper, nickel, and for some 

shapes, molybdenum. A multitude of different configurations of hole size, bar 

thickness, and bar width and composition were tested and it was found that only a 

small number of grids worked on a reproducible basis. The most successful grids 

were composed of nickel and had a square or hexagonal pattern. The grids were 40 

µm thick with a bar spacing of 125 and 250 μm and composed of 40 µm-wide bars 

(Figure 4.12). Copper and gold grids were prone to bending and reaching the 
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substrate in some parts of the sample. In the opposite sense, 200-mesh molybdenum 

grids were unable to form networks at all, presumably due to their high stiffness.  

4.2.4. Parameters Affecting Assembly of Chitosan 

Chitosan and collagen behave similarly with regards to suitable grid geometry 

but the concentration range is very different. Additionally, unlike collagen, chitosan 

is available in three different ranges of molecular weight: low (50-190 kDa), medium 

(190-310 kDa), and high (310-375 kDa).25 The chitosan purchased from Sigma-

Aldrich has a reported degree of deacetylation (%DD) of 82%.26 Despite the high 

degree of deacetylation, chitosan is still difficult to dissolve in acetic acid at low 

molecular weight. Medium and high molecular weight chitosan do not fully dissolve 

at 1% (w/v) in 0.1 M acetic acid and instead solutions of only 0.75% (w/v) were 

possible.  

4.2.4.1. TEM Grid Geometry and Composition 

Because the solutions of chitosan are much more concentrated than collagen 

samples, there were additional restrictions on the types of grids that could be used. 

100 mesh grids tended to offer the best results for low molecular weight chitosan 

because 200 mesh grids would fail to produce complete networks. Conversely, high 

molecular weight chitosan was usable for 100 or 200 mesh hexagonal grids (Figure 

4.13).  
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Figure 4.13. High molecular weight chitosan showing successful assembly at 7.5 
mg/mL for both 100 and 200 mesh hexagonal networks. 

4.2.5. Increasing Assembly Dimensions 

After preparing 6 mm2 networks, the next step was to create larger structures 

and demonstrate the scalability of our novel self-assembly technique. Initial attempts 

to enlarge the collagen networks relied on a flexible electroformed mesh stretched 

over an aperture, typically a plastic spacer. The electroformed mesh was prone to 

significant bending and would touch the substrate as the solution evaporated. Pre-

tensioning the mesh did not improve the outcome. In order to create large networks, 
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custom grids with approximately the same mechanical properties as small TEM grids 

were required.  

4.2.5.1. Custom Electroformed Parts 

The first large-scale assembly part was a predesigned electroformed grid with 

a square pattern (Figure 4.14A.) The grid consisted of an electroformed mesh with a 

line spacing of 250 µm with 25 µm bars within a 45-degree arc frame with a thickness 

of 50 µm. The nominal width of the mesh arc was 9 mm and the arc length was 31 mm 

(Figure 4.14C). A 50-µm thick plastic sheet was cut into the same shape as the metal 

grid and used as a spacer. In a typical assembly, the central area of the spacer was 

filled with 50 µL of solution and the grid was carefully placed on top with tweezers, 

capillary action adjusted the positioning of the grid so that the mesh of the grid was 

closely matched to the opening of the spacer. After leaving the solution to evaporate 

for 45 minutes, the grid was carefully peeled with tweezers and rinsed with dilute 

acetic acid to remove residual solid collagen. The largest grids that were produced 

with this method were 6 x 25 mm (Figure 4.14B), or 150 mm2. These large grids are 

many times larger in size than the smaller TEM grids and more suitable for 

applications with cell cultures.  
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Figure 4.14. A.) Large nickel electroformed grid used for assembling collagen 
into macroscopically-large networks. B.) Collagen network on borosilicate 
glass slide. The assembled network is 25 mm in length. C.) CAD drawing of 
nickel grid to illustrate exact dimensions. Measurements are in mm unless 
otherwise noted. 
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Figure 4.15. Phase contrast micrograph of collagen network prepared with the 
large electroformed nickel grid and plastic spacer. Scale bar is 1000 µm.  

4.2.5.2. 73 mesh Custom Nickel Grids 

The final design for a custom electroformed nickel grid was based on the 200 

mesh hexagonal grid with ~25 µm thick bars and 62.5 µm hole diameters. To create 

an 11 mm hexagonal grid with a thickness of 100 µm and bars and holes measuring 
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100 and 250 µm, respectively, the template was designed internally and 

manufactured by Thin Metals Parts (Colorado Springs, CO). 

 

Figure 4.16. Schematic of 73 mesh, OD = 11 mm nickel grid. The grid design was 
based on the HD200H-Ni grid. Hatched regions are holes. 

The additional thickness was included to accommodate the larger diameter of 

the grid so that it would not bend and touch the center of the sample. A 50 µm thick, 

(Inner Diameter = 8 mm Outer Diameter = 10 mm), stainless steel spacer ring (Figure 

4.17) was designed and prepared by laser cutting and used in place of the plastic 

spacer. The networks obtained through this method were high quality and 

reproducible, small defects at the edges of the samples were common. 
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Figure 4.17. Assembled collagen network using 73 mesh nickel grid. Centimeter 
ruler is used for scale. 

Optical microscopy of the samples showed a highly regular network that 

required multiple photographs to fully image. The regularity of the network can be 

attested to by the failure of automated stitching via Microsoft Image Composite Editor 

to successfully match the edges of the individual micrographs into a larger composite: 

this process had to be performed manually (Figure 4.18). 



162 
 

 

Figure 4.18. Manually stitched regions of 73 mesh collagen network.  

4.2.6. Crosslinking  

When dried collagen networks were immersed in phosphate-buffered saline 

(PBS) it was observed that the networks would dissolve at ambient temperature (25 

°C) over the course of an hour. In order to use the assembled collagen networks for 

cell culture purposes, the collagen would need to be covalently crosslinked in order 

to prevent dissolution. In vivo, collagen crosslinking is a multistep process involving 

the conversion of L-lysine and L-hydroxylysine residues to their aldehyde 

equivalents, L-allysine, and L-alhydroxylysine, respectively, by lysyl oxidase (LOX).27 

The oxidized residues react with unmodified lysyl and hydroxylysyl side chains to 

form Schiff bases.  
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Scheme 4.2. Conversion of L-lysine to L-allysine by lysyl oxidase. 

 

Figure 4.19. Deoxypyridinoline and pyridinoline products of in vivo collagen 
crosslinking. 

The formation of Schiff base crosslinks is not the end of the process, however.  

The Schiff base serves as an intermediate that undergoes cyclization with adjacent 

crosslinked lysines to form pyridinolines (Pyds) and deoxypyridinolines (Dpyds), 

respectively.28 The exact mechanism has not been determined, but two proposals by 

Eyre et al.27 and Robins and Duncan29 predict either an Amadori rearrangement 

followed by an aldol condensation in the former and an aldol condensation followed 

by dehydration and oxidation in the latter. The Pyd and Dpyd crosslinks are more 
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stable than the reversible Schiff base crosslinks that are formed during fibrogenesis 

and form over time in vivo as the collagen ages.  

 

Scheme 4.3. Initial products of glutaraldehyde crosslinking between two lysine 
residues. 

A simple biomimetic equivalent of the in vivo process is to use glutaraldehyde. 

Because glutaraldehyde is volatile it can be used to crosslink collagen without 

immersing the collagen in an aqueous solution. Vapor-phase aldehyde crosslinking 

can be used to covalently crosslink collagen and other nucleophile-containing 

polymers without the use of a solvent.30,31 Typically, the assembled collagen network 

was placed in a closed petri dish with a small cup of glutaraldehyde in water (25%) 

and left for 12 hours to crosslink. After 12 hours of crosslinking, the networks were 

insoluble in PBS or cell culture media. Later, an alternative method with 

glutaraldehyde diluted in acetone (1% w/v) was found to be suitable for crosslinking 

the collagen in 30 minutes as opposed to 12 hours.  
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Figure 4.20. Compounds for crosslinking collagen and other amine-containing 
polymers. 

Other crosslinking methods were examined for applicability on the collagen 

networks because of the intrinsic cytotoxicity of glutaraldehyde (Figure 4.20). 

Genipin was a candidate crosslinker because of its low toxicity, but because the 

genipin was dissolved in PBS and did not crosslink the collagen fast enough the 

networks dissolved as usual.32,33 Plasma amine oxidase (PAO) was tested as well, but 

was not fast enough to prevent the dissolution of the thin collagen fences. 

Crosslinking the chitosan was also found to be an essential objective because 

chitosan also degrades in buffer solution or deionized water. This goal was achieved 

by crosslinking chitosan with glutaraldehyde. Chitosan was easily crosslinked 

because of the abundance of deacetylated amine functional groups in each polymer 

chain.  Glutaraldehyde crosslinking could be performed either as a 1% solution in 

acetone or as a vapor without any discernible difference in the final outcome. 
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4.2.7. Multi-layer hybrid assemblies of collagen and gold nanowire 

networks 

Combining the collagen and chitosan networks with networks of other 

materials may open doors towards in vitro electrochemical diagnostics. Because of 

selective solubility, it was hypothesized that layered structures of nanowires, 

collagen, and chitosan could be prepared. Gold nanowire networks were prepared 

using 200 mesh hexagonal grids on borosilicate glass slides and then rinsed with 

ethanol to remove most of the CTAB left on the nanowires after the deposition (Figure 

4.21A). After the ethanol evaporated, a new spacer ring was placed around the 

outside of the network and the aperture was filled with 1 μL of 2.5 mg/mL collagen 

and a 200 mesh TEM grid was placed on top. After the drying, the TEM grid was 

removed and the product was examined by dark field microscopy (Figure 4.21B). It 

was observed that both the collagen network and the gold nanowires network were 

of high structural fidelity and did not show any appreciable defects as a result of 

layering the networks. 
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Figure 4.21. Layered nanowire-collagen networks. A) Nanowire network 
created with 200 mesh (G200H-Ni) hexagonal TEM grid. B) Collagen network 
on top of nanowire network created with 200 mesh (HD200H-Ni) hexagonal 

TEM grid. Scale bar is 250 µm. 

This process was also repeated in the inverse fashion where collagen was first 

deposited and crosslinked before the nanowire network was created. In this instance, 

it was observed that the nanowire networks failed to form because the bubbles in 

each window would spontaneously break and randomly scatter the wires. 
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4.2.8. Substrate detachment of collagen and chitosan free-standing 

networks 

Because collagen is an important component of the extracellular matrix, and 

both collagen and chitosan have been shown to be usable as tissue scaffold material, 

it would be beneficial to be able to physically detach the assembled networks from 

their solid substrates so they could be implanted in an animal model at a later time. 

Collagen networks were prepared, but attempts to remove them by peeling from 

silicon, soda lime glass, or borosilicate glass failed. While peeling, the collagen 

crumbled and was very brittle. Glutaraldehyde crosslinking was attempted, but again, 

the collagen could not be removed by peeling.  

Chitosan networks were much easier to detach from the substrate and 

required simply removing the network by the use of a razor blade. Crosslinked 

samples were much easier to detach than non-crosslinked samples and small 6 mm2 

networks were easier to detach than large hexagonal 48 mm2 networks. In some 

cases, large grids could not be detached from the substrate, in these instances it was 

observed that a film was present in the windows of the grid suggesting that the 

adhesive strength of the chitosan was preventing the networks from peeling them off 

cleanly. 

Samples that did cleanly peel off the surface could be imaged by SEM (Figure 

4.22) and revealed that the central region of pores of the network were hollow and 

that the fences were solid as opposed to the porous fences shown in Figure 4.9. 
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Figure 4.22. Large 73-mesh hexagonal chitosan network removed from the 
glass substrate. Scale bar is 1 mm. 

In the samples that were peeled away from the substrate, all of the fences 

were solid and no interstitial film was visible (Figure 4.23). 
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Figure 4.23. 73-mesh chitosan network without an interstitial film. The dark 
bands in the chitosan fences are due to the thickness of the sample and a 

reduction of secondary electron scattering. Scale bar is 200 μm. 

4.2.9. Collagen networks on poly(lactide-co-glycolide) 

Because chitosan grids can be removed from the substrate, they were an 

attractive candidate for in vitro cell culture and potential, future in vivo applications. 

After having achieved this goal with chitosan, work began on enabling the removal of 

collagen from its substrate. 
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Figure 4.24. Structure of poly(lactide-co-glycolic acid) (x + y = 1).  

Because collagen networks were not shown to be detachable from their 

substrate and because most in vivo applications would require a soft substrate as 

opposed to glass, the use of biocompatible, flexible surfaces were explored as options 

for preparing collagen networks that could be detached from a solid substrate 

without destroying the collagen network in the process. The first method tested was 

to use a crosslinked chitosan thick film (> 200 µm) spread over a silicon wafer. The 

film was surprisingly durable and could not easily be torn by hand. After attempting 

to prepare the collagen network on the chitosan surface, no network was visible but 

the film was noticeably swollen. Bearing this in mind, chitosan and sodium alginate 

were removed from consideration and replaced with poly(lactide-co-glycolic acid) 

(PLGA) a biocompatible, flexible polymer that does not have charged functional 

groups. 
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Figure 4.25. Collagen networks on PLGA film. A) 200 mesh collagen network on 
PLGA viewed with polarized light. Scale bar is 500 µm. B) High magnification 
image of collagen network. Scale bar is 250 µm. C.) Detached collagen networks 
on PLGA, complete network is shown in lower left ring. Scale bar is 2 mm. D.) 
Large 73 mesh network on PLGA on borosilicate glass. Scale bar is 8 mm.   

A film of PLGA was placed onto a borosilicate glass slide by pipetting a 

20mg/mL solution of PLGA in chloroform and then placed in a vacuum desiccator to 

remove residual chloroform after the majority of the solvent had evaporated. A 

collagen network was then deposited on top of the PLGA and the grid was removed. 

The network was examined with polarized light microscopy (Figure 4.25A, B) and 
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revealed a complete, birefringent network on top of the PLGA. Afterwards, the PLGA 

was removed from the substrate with a razor blade (Figure 4.25C). Large 8 mm, 73 

mesh networks of collagen on PLGA were also produced but removal of the PLGA film 

by peeling was not successful (Figure 4.25D).  

4.3. Conclusions 

Square and hexagonal collagen networks can easily be fabricated using the 

same evaporative self-assembly technique described for AuNWs. Because of the 

applicability of collagen and chitosan towards cell culture and tissue engineering, 

template-assisted evaporative self-assembly may also apply well to other materials 

and act as a more universal method of fabricating structures out of these important 

biomaterials. The simplicity of the process and the fine structures that can be 

produced make this process unique for those reasons. In addition to possibly having 

universal characteristics, this novel self-assembly method can be scaled into 

arbitrarily large structures as long as the template does not flex substantially and can 

create highly-ordered, periodic 3D structures on a truly macroscopic level. 

4.4. Materials and Methods 

4.4.1. Materials 

Type-1 rat tail collagen (Lyophilized powder), glutaraldehyde (25% in water), 

poly(lactide-co-glycolide) (30,000 MW 50:50), and chitosan (low, medium, and high 

molecular weight) were purchased from Sigma-Aldrich (St. Louis, MO). HD100H-Ni, 
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HD200H-Ni, and GA2000-Ni TEM grid parts were purchased from Electron 

Microscopy Sciences (Hatfield, PA). Borosilicate glass slides were obtained from 

Fisher Scientific. All reagents were used as received. All solutions were prepared in 

Milli-Q H2O unless otherwise noted. 

4.4.2. Preparation of Collagen Solution 

A 2.5 mg/mL solution of acid-solubilized rat tail collagen was prepared by 

adding 10 mg of lyophilized rat tail collagen to 4 mL of freshly prepared 0.1M acetic 

acid in a borosilicate glass vial. The mixture was vortexed briefly to hydrate the 

collagen and then the vial was placed on a nutating mixer table for 2 hours to 

completely dissolve. After dissolution, the viscous collagen solution was stored at 4 

°C. 

4.4.3. Preparation of 10 mg/mL (1%) Chitosan Solution 

A 10 mg/mL solution of low molecular weight chitosan was prepared by 

dissolving 100 mg of chitosan in 10 mL of 0.1 M acetic acid in a borosilicate glass vial. 

The vial was mixed by vortex for 2 minutes followed by sonication to remove air 

bubbles. Vortexing and sonication was repeated until no solids were visible to 

produce a viscous, light tan colored solution.    

4.4.4. Preparation of small hexagonal and square collagen networks 

A GA2000-Ni TEM aperture was placed on a borosilicate glass coverslip with 

tweezers and a 1 µL droplet of 2.5 mg/mL collagen or 1% chitosan solution was 
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placed in the center of the aperture. A TEM grid with a square or hexagonal pattern 

was placed on top of the GA2000-Ni aperture and the solution was left to dry under 

ambient conditions (30-40% RH, 25 C.) After the solution evaporated, the TEM grid 

was removed and the collagen network was inspected using an upright optical 

microscope.  

4.4.5. Preparation of samples for SEM and FIB imaging 

SEM samples were prepared on borosilicate glass coverslips using the 

previously discussed assembly methods. After the preparation, networks were 

sputter-coated with gold to a thickness of 10 nm. SEM imaging was performed on 

either an FEI Quanta 400 FEG ESEM or a FEI Helios SEM/FIB instrument. FIB was 

performed using a FEI Helios SEM/FIB microscope.  

4.4.6. Vapor phase glutaraldehyde crosslinking 

Assembled collagen or chitosan networks were crosslinked with 

glutaraldehyde vapor by placing the borosilicate glass coverslip in a 12.5 cm petri 

dish with a 1 mL cap filled with 25% glutaraldehyde and covering it overnight. After 

18 hours of crosslinking, the network was removed and rinsed with acetone and 

ethanol. The GA2000-Ni spacer was removed with tweezers. For the purposes of 

culturing cells, the borosilicate coverslip was trimmed to less than 2 cm in width and 

left soaking in 1X DBPS (with Ca2+ and Mg2+ ions). 
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4.4.7. Solution-based glutaraldehyde crosslinking 

A 1% solution of glutaraldehyde in acetone was prepared by diluting 1 mL of 

25% glutaraldehyde (in water) with 24 mL acetone in a 50 mL centrifuge tube. 

Assembled networks of collagen or chitosan on glass slides were immersed in the 

glutaraldehyde solution for 1 hour and then removed, rinsed with acetone and water, 

and transferred to 1X DPBS (with Ca2+ and Mg2+).  

4.4.8. Preparation of collagen samples for TEM imaging 

Collagen networks were prepared on top of a carbon film coated TEM grid by 

carefully assembling the spacer and the grid with tweezers. First, the handled TEM 

grid that would be used to template the network was picked up with negative action 

tweezers. Second, a GA2000-Ni spacer was placed on top of the handled TEM grid. In 

the center of the opening, a 1 µL droplet of collagen solution was placed by pipet. 

Using the second pair of tweezers, a carbon film coated TEM grid was carefully placed 

against the solution droplet resting on the handled TEM grid. After the solution had 

wicked onto the carbon grid, the second tweezers were released and the assembly 

was left to dry. 

4.4.9. Layered collagen and nanowire networks 

A 200 mesh nanowire network was prepared by placing a 1 μL droplet of 7 μm 

long AuNWs in the center of a GA2000-Ni aperture on a borosilicate glass slide and 

placing a G200H-Ni grid on top with tweezers. After drying, the grid was removed and 

the sample was carefully rinsed with ethanol. Next, a 1 μL droplet of 2.5 mg/mL 
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collagen in 0.1M acetic acid was placed in the center of the aperture ring and an 

HD200H-Ni grid was placed on top and left to dry. After drying, the grid was removed 

and the sample was examined using a polarized light microscope. 

4.4.10. Large 73 mesh hexagonal networks 

Custom nickel 10 mm grids, and stainless steel spacer rings (O.D. = 10 mm, I.D. 

= 8 mm, H = 50 µm) were designed using AutoCAD 2015 (Autodesk) and fabricated 

using electroforming, or laser cutting, respectively (Thin Metal Parts, Colorado 

Springs, CO).  A 10 mm stainless steel spacer was placed onto a borosilicate glass slide, 

and 25 µL of 2.5 mg/mL collagen or 1% chitosan solution was placed in the center of 

the aperture ring. An electroformed grid with the mandrel-facing side down was 

placed on top of the collagen solution and the assembly was left to evaporate to 

dryness, typically 30-40 minutes. After drying, the grid was removed with tweezers 

and the resultant network was examined with a polarized optical microscope. The 

spacer was also removed and discarded. 

4.4.11. Very large square collagen networks 

An electroformed nickel grid provided by Thin Metal Parts (Colorado Springs, 

CO) measuring 8 mm in width and 40 mm in length was placed on top of a 50-µm 

thick hand-cut spacer and filled with 50 µL of 2.5 mg/mL collagen solution and left 

undisturbed so that the gap between the spacer and the glass was completely filled. 

After equilibration, the electroformed nickel grid was placed on top and the assembly 

was left to dry for 45 minutes. After evaporation, the grid was carefully peeled off 
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using tweezers from the glass slide. The plastic spacer was also removed with 

tweezers and discarded.  

4.4.12. Collagen networks on PLGA film 

A 50 mg/mL solution of 50:50 poly(lactide-co-glycolide) (30,000 MW) was 

prepared by dissolving 500 mg into 10 mL of chloroform via stirring. After the 

polymer was dissolved, the solution was pipetted onto a borosilicate glass slide and 

placed in a vacuum desiccator overnight. After removing the chloroform, a 200 mesh 

collagen network was prepared according to the procedure discussed earlier (Section 

4.4.4). The PLGA film was removed by using a sharp razor blade and carefully lifting 

the edges around the collagen network in a circular motion. 
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Chapter 5 

 

 

 

Adhesion and Migration of Cells on 
Self-Assembled Networks 

5.1. Introduction 

Motility, the intrinsic ability of cells to move through space, is an important feature of 

living things. Embryonic development,1 cancer metastasis,2 tissue engineering,3 and 

wound healing4 are all directly affected by the ability of cells to move from one 

location to another. Cell migration along surfaces and through space by locomotion is 

controlled by various external stimuli including chemical signaling (chemotaxis),5 

mechanical cues (mechanotaxis),6 substrate stiffness (durotaxis),7 temperature 
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gradients (thermotaxis),8 electrical gradients (electrotaxis),9 and extracellular 

matrix-bound signaling species (haptotaxis).5 Focal adhesion complexes (FACs) 

consisting of integrins and other associated proteins are responsible for transferring 

mechanical energy between the cell and the extracellular matrix so that movement 

can occur. FACs are the beginning of intracellular signaling pathways responsible for 

guiding migration. By controlling the surface that FACs encounter, cell migration can 

be controlled by orienting the polarization of the cell. A series of coordinated 

attachment and detachment steps of ECM-bound proteins from front to back moves 

the cell in the direction that the cell is polarized.  

Normally, when a cell is placed on an adhesive surface it will migrate through 

a “random walk” if there are no external stimuli (Figure 5.1).10 By introducing a 

gradient such as a chemical gradient the polarization of the cells can be directed and 

the tracking direction can be controlled. Chemical gradients dictate how stem cells 

migrate in developing embryos,1 stiffness gradients guide the invasion of healthy 

tissue by tumors,11,12 and electrical gradients can guide the growth of neural axons.3,9  

 Self-assembled structures, such as those described in Chapters 3 and 4 have 

intrinsic chemical and mechanical gradients that make them suitable candidates for 

cell culture experimentation. While some of them are only two-dimensional 

structures, they can demonstrate the feasibility of constructing self-assembled 

scaffolds that can control the deposition, orientation, and motility of adhered cells. 

This chapter describes the adhesion of hTERT RPE-1 cells on nanowire and collagen 

networks as well as live cell imaging experiments that illustrate the effect of 

assembled collagen on the trajectory, orientation, and proliferation of adhered cells. 
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Additionally, early work on the adhesion of hTERT RPE-1 cells on chitosan networks 

is described. 

 

 

Figure 5.1. Migration of an adhered epithelial cell towards a chemoattractant. 
FAC migration towards the forward side of the cell initiates polarization and 

trajectory away from a random walk. Spreading of the leading edge maximizes 
contact with the attractant. 
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5.2. Results and Discussion 

The success in producing macroscopically large networks of collagen and 

chitosan and the relevance of those materials in the context of cell culture, 

encouraged work towards controlling the orientation and migration of adherent cells.  

5.2.1. Adhesion of hTERT RPE-1 cells to large collagen networks 

Retinal pigmented epithelial cells are natively found in the pigmented layer of 

the retina.13 By including genes that code for telomerase reverse transcriptase, cells 

become immortalized.14 hTERT RPE-1 cells were chosen for later work because of 

their large size, polarizability, and because epithelial cells are mobile on surfaces at 

low density.15 Ulbrich et al. demonstrated that hTERT RPE-1 cells spread on aligned 

Type-1 collagen without an intrinsic pattern and that adhesion was primarily linked 

to the expression of α2 integrin subunit.16 As part of their work, Ulbrich et al. 

demonstrated that subtle variations in cell adhesion occurred between different 

types of retinal pigmented epithelial cells (native adult human, ARPE-1, and SV-40 

transfected RPE-1).16 

Large square-patterned collagen networks were prepared on borosilicate 

glass coverslips, crosslinked by vapor-phase glutaraldehyde, and then soaked in 

complete media for one hour prior to seeding with hTERT RPE-1 cells at a density of 

4K cells/mL and incubated for three days. On the third day, the samples were imaged 

by light microscopy to reveal that the deposited cells had adhered along the lines of 

the collagen network. Later, the samples were fixed and stained with DAPI (nuclear 



185 
 

label) and AlexaFluor 488-Phalloidin (actin filament label) to show highly-aligned 

hTERT RPE-1 cells along the bundles of the collagen network (Figure 5.2).  

 

Figure 5.2. Representative hTERT RPE-1 cell stained with AlexaFluor 488-
Phalloidin (Actin) and DAPI (Nuclear). Scale bar is 20 μm. 

When only imaging the DAPI stain (excitation wavelength is 405 nm, Figure 

5.3) the nuclei can be clearly seen tightly bundled along the grids of the square 

network. The alignment of the cells was constrained to only the collagen network and 

did not extend off of the fences. Elsewhere, cells were randomly oriented. Introducing 

the AlexaFluor 488-Phalloidin stain (excitation wavelength 488 nm, Figure 5.4) the 

actin filaments can be imaged showing the cell bodies are also very tightly bundled 

along the fences of the network. Because actin filaments are a major contributor to 

the cytoskeleton, they are a good analogue to the extents of the cell body. High 

magnification images showed that the actin filaments are tightly aligned along the 

network lines (Figure 5.5). 
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Figure 5.3. DAPI-stained hTERT RPE-1 cells on square lattice collagen network. 
Cells on right side of the image are not on the grid and are randomly oriented. 
Scale bar is 1 mm.  
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Figure 5.4. AlexaFluor 488-Phalloidin and DAPI-stained hTERT RPE-1 cells on 
square lattice collagen network. Scale bar is 1 mm. 
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Figure 5.5. Stained hTERT RPE-1 cells showing alignment of actin filaments 
(green) along the axis of a collegen fence. Scale bar is 50 µm. 

5.2.2. Critical point drying and SEM imaging of assembled networks 

In order to better understand the spatial arrangement and adhesion of the 

hTERT RPE-1 cells to the collagen networks, scanning electron microscopy was 

performed on the samples after critical point drying (CPD) and sputter coating. CPD 
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was performed to prevent the fine details of the cellular structures from being 

destroyed by evaporation. A multi-step dehydration process was used where the 

fixed network was dehydrated by transferring between increasing concentrations of 

absolute ethanol. After CPD was performed, the networks were sputter-coated with 

a 10 nm layer of gold for imaging by SEM. Cell bodies can be seen stretched between 

collagen fences (Figure 5.6) in an identical fashion to how they are seen in the 

fluorescence microscope images.   

 

Figure 5.6. Critical point dried hTERT RPE-1 cells on a collagen Network. A) 
Cell adhered to central region of the network. B) Cells adhered to a four-arm 

vertex of the network. Scale bar is 40 μm. 

5.2.3. Adhesion of other cell lines to collagen networks 

In order to determine if the effect observed with hTERT RPE-1 cells was 

related to the type of cells used, a study was conducted on the proliferation and 

spreading of two other cell lines: NIH/3T3 and PC3. NIH/3T3 is most similar to the 

hTERT RPE-1 cells because both have elongated (stellated) morphologies when 
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cultured at low concentration. PC3, while derived from bone cancer, are epithelial in 

origin like hTERT RPE-1, but are capable of undergoing anchorage-independent 

growth, a hallmark of metastatic cell lines.17,18  

 

Figure 5.7. PC3 cells adhered to a 73 mesh collagen network. Some cells have 
adhered to the network, many are in the center of the windows. Scale bar is 

400 µm. 

The PC3 prostate cancer cell line was derived from metastatic prostatic 

adenocarcinoma cells isolated from a bone sample and has many characteristics of 

prostatic epithelial cells. The PC3 line has anchorage-independent growth 

characteristics meaning that it will divide without the presence of a suitable substrate 

and thus can invade surrounding tissues through metastasis. While some alignment 

of the PC3 cells was observed on the collagen network, there were many cells located 
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adjacent to the aligned cells that did not have the same elongated morphology (Figure 

5.7).  

 

Figure 5.8. NIH/3T3 cells adhered to collagen network showing a degree of 
selectivity towards the collagen network. Scale bar is 400 µm. 

NIH/3T3 cells were revisited on the larger 73 mesh collagen networks. After 

the standard three-day culture period, the 3T3 cells were observed to have a higher 

degree of selectivity towards the collagen network compared to the PC3 cell line 

(Figure 5.8).  
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5.2.4. Live cell imaging of hTERT RPE-1 motility on collagen networks 

 

Figure 5.9. Construction of live cell chamber. A) Exploded view. B) Rendered 
view. 

In order to better understand the migration of the hTERT RPE-1 cells, live cell 

imaging was performed over a 12-hour period on grids that had been freshly seeded 

with cells. A Nikon A1 Rsi laser scanning confocal microscope equipped with a 

temperature, humidity, and CO2 control chamber was used to image the cells. Because 

the networks were prepared on borosilicate glass slides it was important to fix the 

coverslips to the bottom of the petri dish. This goal was accomplished by first cutting 

down the coverslip to fit inside the dish, placing the coverslip and seeding the surface 

with cells, then placing a sterile conical vial cap with the center cut out over the glass 

and finally closing the assembly with the petri dish lid (Figure 5.9). This assembly was 

able to hold the coverslip to prevent drifting of the sample. Other methods may also 
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be possible such as using a chemical adhesive, however in order to prevent unwanted 

cytotoxicity a mechanical option was selected instead. 

5.2.4.1. Bright field microscopy 

 

Figure 5.10. Bright field time lapse of hTERT RPE-1 cells seeded onto a large 
hexagonal collegen network. Colored arrows indicate position of three discrete 
cells over the course of 7.5 hours. Scale bar is 20 µm. 

The first experiments were performed without the aid of fluorescent labelling 

as a control. Eight different regions were imaged on a five-minute interval per region 

for 7 hours. Afterwards, a small region was selected to more closely observe the 

motion of three cells in close proximity to each other. The average speed of the cells 

motion along the grid was calculated using Nikon NIS Elements software by 
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interpolating the track of the cells between measurement points. While collecting the 

video, the average speed of all three cells was found to be ~0.01 µm/sec. 
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Figure 5.11. CellTracker Red (CMTPX). Reaction with endogenous thiols bind 
the fluorphore to proteins in the cell. 

The first round of live cell imaging showed the means by which hTERT RPE-1 

cells adhered to the collagen network, but did not show the cells dividing. This 

experiment was repeated with fluorescently labeled cells using CellTracker Red 

(CMTPX) a membrane-permeable nucleophile-reactive dye. The labeling mechanism 

is an SN2 attack on the α-carbon by thiol-containing species such as cysteine.19 

Because CMTPX does not require that the cells be permeabilized or fixed, it can be 

used to image the cells while alive. CMTPX is used in instances where long imaging 

periods are required because it is not as susceptible to photobleaching as other 

fluorescent labels. In this experiment, a tray of hTERT RPE-1 cells was stained one 
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day prior to performing the imaging so that dead cells could be discarded. After 

removing the dead cells, a large crosslinked hexagonal network was seeded with 

fluorescently labeled hTERT RPE-1 cells at a density of 10,000 cells/mL. The cells 

were imaged using a 561 nm laser to collect fluorescence signals from the dye as well 

as collect a transmitted light video in case the signal to noise ratio of the dye was too 

low. 

At the beginning of the experiment the cells were balled up and had not yet 

attached, within one hour the cells had begun attaching to the substrate (Figure 5.12). 

Some cells were already adhered to the collagen fences, but one cell in particular 

highlighted with a white arrow in Figure 5.12 shows spreading followed by 

polarization and eventual adhesion to the collagen network. This phenomenon was 

observed previously with the bright field live cell imaging in one instance. Another 

cell of interest was observed dividing during the course of the experiment 

(highlighted with a black arrow in Figure 5.12). The cell divides along the collagen 

fence and both daughter cells remain on the fence for the duration of the experiment. 

When cells divide, they do not often separate but are connected through cadherins,20 

consequently, it appears that once cells begin to divide on the collagen fences their 

progeny will also reside on the collagen fence. 
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Figure 5.12. Time lapse live cell imaging using CMTPX-labeled cells. Sequence 
shows a cell becoming polarized and migrating to the collegen network (white 
arrow) and a cell dividing between hours 4 and 5 (black arrows.) 
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5.2.5. Alignment of hTERT RPE-1 cells on chitosan networks 

Chitosan is an increasingly more important material in cell culture and tissue 

engineering. Its ease of handling, long shelf life, low cost, and proven efficacy in 

wound healing21 make it an attractive material for creating cell scaffolds.22,23 

Furthermore, because the chitosan networks discussed in Chapter 4 can be removed 

from their substrate by using a razor, they can be used in cell culture applications 

without a fixed substrate opening possibilities for three-dimensional cell culture. 

5.2.5.1. Substrate-bound Chitosan Networks 

First, substrate-bound chitosan networks were prepared, crosslinked, and 

seeded with hTERT RPE-1 cells (4,000 cells/mL.) Because the chitosan network is 

very thick it was difficult to determine if the cells had adhered to the network initially. 

After three days the media was exchanged and the networks were cultured for three 

more days. On the 6th day, the media was removed, the cells were fixed, perforated 

and stained, and then imaged using an inverted fluorescence microscope (Figure 13).  
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Figure 5.13. hTERT RPE-1 cells adhered to a substrate-bound chitosan 
network. Scale bar is 400 µm. 

Actin staining (Figure 5.14) showed that the cells were elongated along the 

chitosan network similarly to how they were on the collagen networks (Figure 5.5). 

These early findings with hTERT RPE-1 cells on chitosan are promising because they 

show that epithelial cells can adhere and proliferate on a chitosan scaffold made with 

this protocol. 
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Figure 5.14. AlexaFluor 488-Phalloidin and DAPI-stained hTERT RPE-1 cells 
showing the orientation of the cells along the chitosan networks. Scale bar is 

100 µm. 

5.2.5.2. Substrate-free Chitosan Network 

After preparing the substrate-attached chitosan network, a substrate-free 

network was prepared by seeding a buoyant chitosan network in a 12-well culture 

plate with a suspension of 250,000 cells/mL. Cell proliferation on the network was 

very slow and required ten days of culture before cells were visible on the network 
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and only a small portion of the network showed any significant number of adherent 

cells (Figure 5.15).  

 

Figure 5.15. hTERT RPE-1 cells on detached chitosan network. Scale bar is 100 
µm. 

One possible cause of the low initial number of adhered cells is because the 

network is very porous and that the amount of time the cells stay suspended is very 

short, so many of the cells may not ever come into contact with the network. A more 
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effective seeding method is needed to ensure sufficient initial coverage. A possible 

solution to this problem is the use of a shaker table to agitate the suspended cells and 

reduce the number of cells that prematurely deposit on to the bottom of the dish. A 

second solution is to use a degradable substrate that can slowly dissolve over the 

course of several days but retain enough integrity during the first 24 hours to allow 

cells to migrate up to the chitosan and also to prevent random flexure of the chitosan 

network that may also prevent cell adhesion. From a surface chemistry perspective, 

it may be possible to improve adhesion by the use of a covalently bound binding factor 

such as fibronectin or RGD-containing peptides to mimic collagen fibers.24  

5.2.6. Alignment of hTERT RPE-1 cells on gold nanowire networks 

Because of the successful alignment of RPE-1 cells to collagen and chitosan 

networks there was a logical progression to attempt the same procedure on networks 

of different composition. Gold nanowires were chosen because of their readily 

modified surface by functional thiols. Nanowires without additional functionalization 

were fashioned into networks by evaporative self-assembly on to borosilicate glass 

coverslips with 100-mesh hexagonal grids and then rinsed with ethanol to remove 

residual CTAB. After rinsing, the networks did not redisperse in water or complete 

media. Separate nanowire networks were then soaked in 1 mM mPEG-SH (2,000 

MW), MTAB, and mercaptobenzoic acid (MBA) in ethanol for one hour in petri dishes. 

After soaking, the networks were removed from their reaction dishes and carefully 

rinsed with copious amounts of ethanol.  The nanowire networks were seeded 
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according to the procedure used for the collagen networks and after three days of 

culture, the networks were evaluated.  

 

Figure 5.16. hTERT RPE-1 cells on bare gold networks. Nuclei are stained with 
DAPI (blue), actin filaments are stained with AlexaFluor 488-Phalloidin 

(green), nanowires are shown in red. Scale bar is 200 µm. 
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Figure 5.17. hTERT RPE-1 cells on MBA-functionalized networks. Nuclei are 
stained with DAPI (blue), actin filaments are stained with AlexaFluor 488-

Phalloidin (green). Scale bar is 200 µm. 
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Of the four networks, the bare networks (Figure 5.16) and the 

mercaptobenzoic acid functionalized networks (Figure 5.17) were the only two that 

survived the culture period. Wires from the other networks had slowly redispersed 

because of their surface functionality. Alignment of the hTERT RPE-1 cells was 

observed on the mercaptobenzoic acid functionalized networks whereas no 

alignment was observed on the bare nanowire networks. Some cells are seen in the 

openings of the network (Figure 5.17) but this is expected after work on the live cell 

imaging studies. The positions of the nuclei are found frequently over the three-arm 

intersection of the wire networks where the spatial density of the wires is the highest. 

These findings suggested that gold nanowire networks may be a convenient method 

of creating patterned cells with a degree of control in the placement of the cells with 

respect to the network The construction of both the bare and MBA-functionalized 

network were not remarkably different and only the chemical functionality of the 

wires was different. 

Similar work by Teixeira et al. demonstrated that human corneal epithelial 

cells and NIH 3T3 fibroblasts can be oriented on silicon oxide surfaces with narrow 

grooves (100-1000 nm) because of how the lamellipodia are guided along the 

topology.25 By controlling the spatial placement of the lamellipodia and thus the FACs, 

the orientation of the cell body can be controlled. Contact guidance combined with a 

hydrophilic surface may contribute to the orientation of the hTERT RPE-1 cells. 

The differences in the surface chemistry of bare AuNWs and MBA-AuNWs 

from the perspective of the cell are related to hydrophilicity. Bare wires are 
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hydrophobic and do not serve as good anchorage points, MBA-AuNWs on the other 

hand are hydrophilic and cells are capable of binding to that surface. Even though 

serum proteins may also adsorb to the surface of the wires, there is no evidence that 

suggests they are largely responsible for aligning the cells. A simple experiment with 

a small cationic thiol ligand would help show if cell adhesion is restricted to 

negatively-charged MBA or if it also applies to a positively-charged surface. 

5.3. Conclusions 

Collagen, chitosan, and mercaptobenzoic acid functionalized AuNW networks 

can be used to control the orientation of adhered hTERT RPE-1 cells. Other cell lines 

such as NIH/3T3 and PC3 also exhibit similar behaviors but not as significantly and 

thus the effect may be cell line specific. Because control over the positioning of 

adherent cells can be controlled, these materials may be usable in the context of tissue 

engineering or in vitro cell culture. The surface chemistry and molecular structure is 

different between all three materials, but they have two factors in common, all three 

are hydrophilic surfaces and all three materials are highly anisotropic. The work in 

this chapter has demonstrated the bioactivity of assembled networks of anisotropic 

materials. Other hydrophilic polymers and materials with similar geometric 

properties may have a similar effect. 
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5.4. Materials and Methods 

5.4.1. Materials 

Chitosan (low molecular weight), glutaraldehyde (25% in water), rat tail 

collagen (Type-I, lyophilized), and Triton X-100 were purchased from Sigma Aldrich. 

Acetic acid (glacial) was purchased from EMD. hTERT RPE-1 (ATCC© CRL4000™) 

human telomerase reverse transcriptase immortalized retinal pigmented epithelial 

cells, NIH/3T3 (ATCC© CRL-1658) mouse embryo fibroblasts, MCF-7 (ATCC© NTB-

22) human mammary gland epithelial adenocarcinoma, and PC3 (ATCC© CRL-1435) 

human prostate adenocarcinoma cell lines were obtained from ATCC. Fetal bovine 

serum was obtained from Seradigm. Dulbecco’s Minimal Essential Medium:Ham’s F-

12 (50/50), and Penicillin-Streptomycin (10,000 U/10,000 U) in PBS were obtained 

from Lonza. ReadyProbes AlexaFluor 488-Phalloidin, ReadyProbes DAPI, and 

CellTracker Red were obtained from Life Technologies. All reagents and cell lines 

were used as received without further purification. All cell culture operations were 

performed aseptically in a BSL-2 rated laminar flow safety cabinet. Fluorescence and 

live cell imaging was performed on a Nikon A1-Rsi laser scanning confocal 

microscope. 

5.4.2. Treatment of collagen and chitosan scaffolds for cell culture 

Collagen or chitosan networks were prepared on borosilicate glass coverslips 

by evaporative self-assembly. After drying, the grid and spacer were removed with 

tweezers and the slide was trimmed with a glass cutter to fit into a 5 cm petri dish 
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and then crosslinked with glutaraldehyde vapor overnight. After crosslinking, the 

networks were rinsed with 20 mL of ethanol and then 100 mL of PBS before being 

placed in a poly(styrene) petri dish and soaking in 4 mL complete cell-line specific 

media for 4 hours at 37 °C. 

5.4.3. Modification of gold nanowire networks with functional thiols 

Plasma-cleaned gold nanowire grids on borosilicate glass were modified with 

4-mercaptobenzoic acid by treatment in 5 mL of a 1 mM ethanol solution for 1 hour. 

After soaking the grids were washed with a spray of 70% EtOH in H2O and three 

rinses in 10 mL of HBSS without calcium or magnesium. 

5.4.4. Preparation of complete hTERT RPE-1 media 

Complete media with 1% FBS was prepared by removing 10 mL of media from 

a 500 mL bottle of DMEM:F-12 and adding 5 mL of fetal bovine serum and 5 mL of 

Penicillin-Streptomycin (10KU/10KU). The bottle was filtered through a Corning 

bottle-top vacuum filter equipped with a 0.22 µm-porosity poly(ether sulfone) filter 

into a sterile container and divided aseptically into 45 mL volumes in sterile 

centrifuge tubes. 

5.4.5. Seeding cells onto scaffolds 

In all experiments, a 4,000 cell/mL suspension of a given cell line was used. 

The target network (collagen, chitosan, nanowires) was soaked in complete media for 

four hours prior to seeding. After soaking, the network was rinsed with PBS and then 
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aspirated. The PBS was replaced with complete cell line specific media and aspirated 

to just above the glass surface. Cells were added as a diluted 4 mL solution on top of 

the network. Prior to placement in the incubator, a lid was placed on the dish and then 

the dish was gently rocked side to side to more evenly distribute the cell suspension. 

Cells were incubated at 37 C in a 5 % CO2 atmosphere under aseptic conditions. 

5.4.6. Staining adhered cells 

After culture, the cells were rinsed with DPBS to and aspirated to remove 

residual media and unattached cells. After cleaning, the cells were fixed with a 1% 

glutaraldehyde-1% formaldehyde solution in PBS for 30 minutes. After fixing, the 

fixative was removed by aspiration and the solution was replaced with 4 mL of DPBS. 

Three drops of ReadyProbes DAPI (Life Technologies) were added to the dish and 

gently mixed by rocking the plate side to side. The plate was left for thirty minutes to 

allow the DAPI to stain the DNA. After DAPI staining, the media was removed and 

replaced with a 0.01% solution of Triton X-100 in DPBS to perforate the fixed cells 

and the plate was left for 10 minutes at room temperature. After perforation, the cells 

were stained with 4 drops of ReadyProbes AlexaFluor 488-Phalloidin (Life 

Technologies) added with gentle rocking. After one hour, the media was removed and 

replaced with 4 mL of DPBS and the samples were imaged using an inverted 

fluorescence microscope (American Microscopy Group.) 
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5.4.7.  Critical point drying for SEM imaging 

An ethanol dehydration ladder was prepared in 50 mL centrifuge tubes with 

50%, 60%, 70%, 80%, 90%, and 100% (ethanol/water). Each tube contained 40 mL 

of solvent and was prepared from absolute ethanol and ddH2O. After preparing the 

dehydration ladder, a crosslinked sample of collagen with adhered cells was diced 

into a 2 cm x 1.5 cm segment with a glass cutter while submerged in DPBS. After 

dicing, the sample was transferred to the first (50% ethanol/water) solution and 

soaked for 10 minutes. This process was repeated up the ladder in 10 minute 

intervals. The sample was left in 100% ethanol until the critical point dryer was ready. 

The critical point dryer was prepared by filling the chamber with 100% 

ethanol and then quickly transferring the collagen sample to the chamber ensuring 

that the ethanol did not evaporate from the sample during transfer. The chamber was 

flushed with liquid CO2 and then drained to the half-full line marked on the 

instrument. After draining, the instrument was heated to 31 °C and vented after the 

meniscus disappeared. After venting was completed, the sample was removed and 

stored under ambient conditions before sputter coating. 

5.4.8. CellTracker Red (CMTPX) staining of adhered hTERT RPE-1 cells 

hTERT RPE-1 cells were cultured to 80% confluence (500,000 cells/mL) in 

DMEM:F-12 with 1% FBS and 1% PCN-STM (Complete Media) in a cell-culture treated 

T-75 flask. The cells were stained with 4 mL of a 10 µM solution (10X) of CellTracker 

Red (CMTPX) in 4 mL of serum-free media. The cells were incubated at 37 °C with 5% 
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CO2 for 1 hour. After labelling, the cells were washed with 3 mL of DPBS with Ca2+ and 

Mg2+. Finally, 10 mL of fresh DMEM:F-12 complete media was placed on the cells and 

the flask was inspected on a fluorescence microscope to ensure the staining 

treatment was successful. The cells were returned to the incubator for 24 hours. 

5.4.9. Live cell imaging of CMTPX-stained hTERT RPE-1cells on collagen 

After soaking the grid in complete DMEM:F-12 media, the grid was washed 

twice with DPBS without Ca2+ or Mg2+ and 5 mL of a 10K cell/mL solution of hTERT 

RPE-1 cells was placed on to the grid. To keep the glass coverslip stationary, a 50 mL 

centrifuge tube cap with a 2 cm hole cut in the top was placed on top of the glass 

coverslip and the lid of the petri dish was seated on top. Tape was applied to firmly 

clamp the lid of the petri dish to the bottom and hold the glass coverslip stationary. 

The plated cells were imaged using a Nikon A1-Rsi inverted confocal 

microscope with a live cell imaging chamber. The chamber was warmed to 37℃ over 

a period of 1 hour and the atmosphere supplied with 5% CO2. The sample was imaged 

using ND acquisition mode with 8 locations imaged at 5 minute intervals over a 

period of 12 hours. The CMTPX was excited with a 561 nm laser and transmitted light 

was collected using the TD detector on the same wavelength. 
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