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 The fabrication of nano-scale devices is a challenging, but potentially 

important, technology that has drawn a great deal of interest among researchers. Such 

nanoscale constructions utilizing a bottom-up approach for device building have many 

foreseeable applications in areas as diverse as miniaturized electronics, sensors, and 

biomedical devices.   

 One of the most chemically versatile, abundant and inexpensive nanoparticles 

available for nanodevice development is the cellulose nanocrystal (CNXL). CNXLs 

have drawn attention from researchers for their remarkable reinforcing abilities and 

excellent mechanical properties. CNXLs typically have  high aspect ratios of around 

20-50 (length/width), low density of around 1.6 g/cc, high stiffness (135 to 155 GPa) 

and strength (estimated at 7500 MPa).  

 Here we utilized CNXLs in a bottom-up hierarchical assembly to produce a 

macroscale material. The CNXLs were produced using an established acid hydrolysis 

protocol and were then oxidized using TEMPO-mediated carboxylation. Surface 

carboxylation of the C6 primary alcohol was confirmed by FTIR spectroscopy. Single 



 

stranded oligonucleotides with an amino modifier were successfully grafted on these 

carboxylated CNXLs. The molecular recognition ability of the oligomeric base pairs 

was then utilized by duplexing complementary oligonucleotides grafted onto separate 

CNXL populations. The resulting hybrid nanomaterials were characterized using 

dynamic light scattering and UV-Vis spectroscopy for its reversible thermoplastic 

processing attributes. Atomic force microscopy was used to characterize the 

morphology of the dried dispersion. To our knowledge, this is the first report of DNA 

being grafted to CNXLs and further being used to bond the CNXLs to each other. 
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DNA Based Artificial Nanostructures: Directed Assembly of Cellulose 
Nanocrystals into Advanced Nanomaterials 
 
1.  Introduction  
1.1 Overview 

The development of nanoscale devices holds great promise for advancements 

in a variety of technological areas, including sensors, biomedical materials and 

construction materials.  Our hypothesis is that cellulose nanocrystals can be used as a 

nanoparticle building block for the fabrication of nanoscale devices and/or materials 

utilizing DNA as a smart organizing molecule.  This thesis consists of a series of proof 

of concept experiments to test this hypothesis. 

 

1.2 Nanotechnology 

Nanotechnology comprises a group of emerging technologies that can control 

the structure of matter at the atomic scale and produce novel materials that have useful 

and unique properties.  It is capable of creating improved tools, devices and 

technologies that can help produce 1) clean, secure and affordable energy; 2) stronger, 

lighter and more durable materials; 3) medical devices and drugs for disease detection 

and treatment; 4)  highly sensitive chemical and biological sensors; and 5) methods for 

healing and preserving the environment.1 A simple definition of nanotechnology listed 

on the National Nanotechnology Initiative website is “Understanding and control of 

matter at dimensions of roughly 1 to 100 nanometers, where unique phenomena enable 

novel applications”. 

 At the nanometer scale, physical, chemical and biological properties of 

materials can differ in several fundamental ways when compared to either individual 
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atoms or to bulk properties. As a result, materials at the nanoscale exhibit astonishing 

characteristics not seen at larger scale, e.g gold nanoparticles appear red, orange or 

purple depending on the specific size range, carbon nanotubes show tensile strengths 

100 times that of steel and can be either metallic or semi conducting depending on 

their configuration. 

 Nanotechnology research has already received enormous resources in money 

and effort. This may enable scientists to take a step closer to the dream of breaking 

bulk materials into fine, simple, fundamental particles and reassembling them into 

‘designer’ structures. Yet, only limited control over structures at the nanometer level is 

possible due to the limitations of existing technologies. However, nanotechnology has 

blossomed significantly in the past 20 years largely due to the development of new 

instruments like scanning tunneling microscopy, magnetic force microscopy and 

electron microscopy that permit scientist to observe and manipulate matter at the 

nanometer scale. Further advancement in our understanding and ability to manipulate 

matter at the nanoscale is almost certain due to this improved instrumentation. 

 

1.3 Background 

 The convergence of biotechnology and nanotechnology has led to the 

development of ‘Nanoparticle-Biomaterial’ hybrid systems that can synergistically 

incorporate the highly selective recognition capability of biomaterials,(e.g 

proteins/enzymes, antigen/antibody and DNA) with the unique mechanical, electronic 

and catalytic properties of nanoparticles (NPs). The chemical functionalities 

associated with NPs, facilitate site specific linkage of the biomaterials such as DNA 
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onto the NP surfaces and thereby dictate the directional growth of NPs into three 

dimensional architectures. The assembly of NP architectures has led to the fabrication 

of nanoscale devices such as single electron transistors2 molecular switches3 and 

receptor-NP devices4. The fabrication of nano-scale devices is a challenging, but 

potentially important technology that has drawn a great deal of interest among 

researchers, but only a little amount of progress5-7. These nanoscale constructions 

utilizing a bottom-up approach for device building have many foreseeable applications 

in areas as diverse as miniaturized electronics, sensors, and biomedical devices.  One 

of the most chemically versatile, abundant and inexpensive nanoparticles available for 

nanodevice development is the cellulose nanocrystal (CNXL).  In this thesis project, I 

report on utilizing DNA oligomers to control the bonding of CNXLs and to create 

multifunctional nanostructures.  This proof of concept experiments set the stage for the 

pursuit of future developments in nanoscale devices through the utilization of low cost 

and chemically versatile CNXLs. 

 

1.3.1 CNXL based hybrid materials 

Recently cellulose nanocrystal/polymer composites have drawn a great deal of 

interest from researchers. Cellulose nanocrystals (CNXL) have been widely 

recognized as a material with a remarkable reinforcing capability, excellent 

mechanical properties, low density and the ability to form composites with 

thermoplastic matrices. Optimizing the fiber aspect ratios (length/diameter), 

acceptable filler loadings and improved interfacial interactions between cellulose 

whiskers (or nanofibers) and polymer chains are critical for engineering and fine 
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tuning the material properties of these composites. A number of researchers have 

attempted to resolve the incompatibility issues between matrix and filler domains in 

cellulose nanocomposites. An advanced cellulose\polymer hybrid material with no 

interphase seems to be a promising step towards designing a biocomposite with 

improved mechanical properties. In this thesis we describe a novel approach to 

construct a fully cross-linked system composed of CNXLs and DNA oligomers. This 

material should be self-assembling via duplex formation of the single stranded DNA 

oligomers. Since all the components are either covalently bonded or bonded through 

duplex formation, there is no interface, or interphase, between the filler and matrix.  

Thus this may be a good system to develop advanced mathematical models to predict 

performance and increase our understanding of nanocomposite materials. 

DNA thermoplastic-type processing and the biocompatibility of cellulose-

based materials can also be explored in this advanced hybrid material.  
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Chapter 2 – Literature Review 
  
2.1 Nanocomposites 

Nanocomposites are a relatively new generation of composite materials with 

remarkable material properties when compared to conventional composites. However, 

there are many challenges in large scale and controlled processing of these materials, 

e.g. control over size distribution and uniform dispersion of nanofibers/fillers in the 

polymer matrix and tailoring and understanding the role of interfaces between 

nanoscale fiber/filler and the polymer matrix. Apart from the properties of individual 

components, interfaces play a critical role in controlling the overall properties of 

nanocomposites. Nanosized reinforcement fibers/fillers used in this new family of 

composites have enormous surface area and thereby present a large interface between 

intermixed constituent phases (in this case nanofillers and polymer matrix represent 

two phases) on a molecular scale. The interface is defined as the region that begins at 

the point in the fiber at which properties of fiber differ from that of bulk fiber and ends 

at the point in a matrix where properties become equal to that of bulk matrix 8.Adding 

high strength nanofibers will typically increase the mechanical properties of 

polymer/nanocomposites if there is efficient stress transfer between the nanofibers and 

the polymer matrix at the interface9,10. Additionally, nanosized particles do not create 

large stress concentration and thus do not compromise the ductility of the polymer. 

Hence, the special properties of nanocomposites stem from the interaction of their 

matrix and filler phases at the interface which comprises a major volume fraction in its 

bulk1. In contrast to nanocomposites, interfaces of conventional composites constitute 

only a small volume fraction of the bulk material. 
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2.2 Nanoreinforcement: 

Nanoscale fillers are broadly classified into three categories. 

 1) Fiber or tube fillers having diameters <100 nm and aspect ratios at least 10  

 2) Plate-like fillers that are layered materials with typical thicknesses on the 

 order of 1 nm and aspect ratios of at least 25 

3) Three dimensional fillers that are  relatively equi-axial with 100 nm on 

 their largest side. 

 

2.2.1 Nanotube and nanofiber/whiskers 

These particles are two dimensional and form elongated structures with high 

aspect ratios. Common examples of this type of filler are carbon nanotubes and 

cellulose whiskers/cellulose nanocrystals (figures1a&b). 

   

Figure 1. a)AFM phase image of cellulose nanocrystals / whiskers (CNXL) b) AFM 
phase image of single wall carbon nanotubes11.  
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2.2.2 Plate-like fillers/ sheets. 

These particles have only one dimension in the nanometer range i.e. thickness. 

Layered silicates are one example of this type of filler.. Layered silicates have two 

types of structures: tetrahedral substituted and octahedral substituted. Commonly used 

layered silicates for nanocomposites preparation belong to a family called 2:1 layered 

or phyllosilicates that consist of two silicon tetrahedral layers and one aluminum 

octahedral layer12. The thickness of each layer is around 1 nm and the lateral 

dimensions may vary from 30 nm to several micrometers13. Stacking of layers leaves a 

tiny Van der Waals gap between them called a gallery or interlayer. Galleries are often 

occupied by alkali and alkaline earth cations like Na+, Ca+ and K+. These types of 

layered silicates are often characterized by a moderate surface charge known as cation 

exchange capacity (CEC) which varies from layer to layer. The most commonly used 

layered silicates are Montmorillonite, hectorite and saponite. 

 

 

 

 

 

 

 

 
 
Figure 2. A schematic representation of tetrahedral and octahedral layers in 
phyllosilicates along with Van Der Waals gap (gallery) between two stacked layers14.  
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2.2.3 Three dimensional fillers or spherical particles 

Three dimensions of these particles are in the nanometer range. Silica and gold 

nanoparticles, ceramics like titanium, alumina and zirconium oxides are common 

examples for these types of fillers. 

 

2.3 Cellulose  

Cellulose is one of the most abundant natural biopolymers in the world. It is 

present in the cell wall of plants and some algae. Basically, it is a syndiotactic 

homopolymer that comprises two D-anhydroglucopyranose units joined together by a 

β-(1→4)-glycosidic bond 15 ( figure 3). Biosynthesis of cellulose in plants proceeds by 

constructing glucose units into long slender monocrystalline microfibrils. The 

cellulose molecules in the microfibrils are aligned parallel to each other with a twofold 

screw symmetry16. The high crystallinity of cellulose  and its inability to dissolve in 

most common solvents including water may be due to the arrangement of the 

microfibrils into lattices within the cell wall17. However smaller crystalline structures 

that are imperfectly packed within these areas of high crystallinity creat amorphous 

regions. Studies on the crystal structure of cellulose have revealed that there are two 

main forms of cellulose, cellulose-1 (plant and natural form) and cellulose-2 

(regenerated form) 18. Cellulose-1 consists of two crystal forms or allomorphs        

(cellulose-ıα and ıβ)19. Theoretical and experimental approaches to determine the 

stiffness of these two forms of cellulose have shown that, cellulose-1  and cellulose-2 

have crystal moduli in the range of 77-167 and 77-163 GPa respectively 18. In addition 

to plant cells, cellulose can be obtained from other sources including tunicates 20,21 and 
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bacteria 22. When compared to plant cellulose, tunicate cellulose whiskers have a 

large aspect ratio 23, high specific surface area in the range ~150-170 m2/g 24,25  high 

crystallinity of ~95% 24 and better mechanical properties20.  Cellulose from the 

bacterium Acetobactor xylinum is a product of its primary metabolism and forms a 

protective coating in contrast to the structural roles cellulose plays in plant cell walls 

22. 

 

 

 

 

 

 

 

Figure 3. Unit cell of cellulose-126 

 

2.3.1 Microcrystalline cellulose 

 Sulfuric acid hydrolysis of cellulose fibers to microcrystalline cellulose 

(MCC) was first reported by Ranby27 in 1951 followed by hydrochloric acid 

hydrolysis by Battista28 in 1956. The excellent compression, permeability and binding 

properties of microcrystalline cellulose have led to its widespread application in the 

pharmaceutical industry as a tablet excipient29,30. MCC has several other useful 

characteristics including low toxicity, good hygroscopicity, chemical inactivity, and 

reversible absorbency 16,31that further extended its scope of application into the food 
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industry, especially in fat free salad dressings, dairy products and frozen deserts as 

stabilizers, texturing agents and or fat replacers32. 

 

2.3.2 Nanocrystalline Cellulose / Cellulose nanocrystals 

Controlled acid hydrolysis is a widely  accepted method of seperating cellulose 

nanocrystals from their semicrystalline polymer, and was reported by Ranby 40 years 

ago.33  The crystallites produced from cotton using sulfuric acid hydrolysis average 

about 4 nm in diameter and 300 nm long.34  Acid hydrolysis is a heterogeneous 

diffusion process  wherein acid penetrates the less ordered amorphous regions 

resulting in the scission of glycosidic bonds.  The penetration and the glycosidic bond 

breakage depend mainly on the acid type, hydrolysis temperature, and acid 

concentration.35  The reaction proceeds until all the accessible glycosidic bonds are 

hydrolyzed and then slows down significantly as the acid attacks the reducing end and 

the surface of the residual crystalline regions.  Hydrolysis conditions should be fine 

tuned to avoid complete hydrolysis of cellulose into fundamental glucose units or even 

carbonization.  Acid hydrolysis is done using either hydrochloric acid or sulfuric acid.  

Dong et al.  optimized the hydrolysis temperature at 45 oC for 60 min to achieve 

complete hydrolysis of the amorphous regions and a particle length in the order of 200 

nm.36  

  
2.4 Self assembly, a bottom-up technique 

 Top-down and bottom-up techniques are well known strategies for developing 

hierarchical material systems. Controlled orientation of structural elements, varying 
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properties of apparently similar constituent units, capacity for self repair and 

complex shapes are some of the attributes of hierarchical systems. In the top down 

approach, an impression of the entire system is first generated.  This is then followed 

by detailing of the first level subsystem. Each subsystem is then explained in detail 

until the whole system is broken down into its base elements. In the bottom-up 

approach individual base elements of the system are first specified in great detail and 

eventually move up by linking these elements to form a complete top-level system. 

The bottom-up approach is definitely a promising strategy to exploit science and 

technology at the nanometer scale where atoms and molecules are linked together to 

form complex nanostructures. Self assembly is one classical example of a bottom-up 

technique and has been widely used in the field of nanotechnology. At present, 

applications of self assembly are restricted to simple systems. However, much more 

complex systems can be developed using hierarchical self-assembly in which the 

product of one self-assembly step becomes the basis for the next and forms a complex 

system. Tendons are a perfect example of a hierarchically self assembled biological 

system. They are designed to be elastic yet sufficiently stiff to absorb, store and 

transmit forces between muscle and bone without fracturing. Collagen, a functional 

bio-nanoparticles (coils of three interwound helical polypeptides molecule ~300 nm in 

length and 3.6 nm in diameter) of tendon has been assembled in a stunningly 

structured fashion with incredible precision through self-assembly 37. In this case, 

collagen fibers are longitudinally oriented between muscle and bone providing non-

linear stress/strain behavior and can, therefore gradually increase the stiffness upon 
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elongation. As a result, desirable mechanical properties are achieved through a 

unique hierarchical organization of structure to withstand loads and impacts. 

 

2.5 DNA, a self-assembly tool  

 Outstanding molecular recognition capability due to its specific base pair 

interaction enables DNA to function successfully as a genetic material as well as a 

smart molecule for nanoscale construction. DNA has been widely recognized as a self 

assembly tool for bottom-up construction and can act as a scaffold for various 

biopolymer and inorganic molecules 38. Two DNA strands bind together (duplexing) 

forming a double helix when their sequences are complementary to each other. Unlike 

other molecular bioadhesion systems (for e.g avidin-biotin and antigen-antibody) 

attraction between complementary ssDNA can vary depending on buffer 

characteristics, temperature, and number and types of base pairs 39. Individual DNA 

single strands are heavily charged (negative) due to their phosphate backbone. 

Consequently, counter ions from salt present in the buffer offer an effective screening 

of negatively charged phosphate groups along the oligonucleotide backbone. This 

counterion or Debye screening effect reduces electrostatic repulsion between 

oligonucleotides and allows them to come into close proximity for hybridization 

through hydrogen bonding 40. The use of DNA as a ‘smart glue’ in the material world 

began in the 1970s when the first in vitro genetic manipulation was performed by 

tacking DNA molecules together using the ‘sticky end’ cohesion technique 41. Sticky 

end is a small single stranded overhang protruding from the end of double-stranded 

helical DNA molecule. One of the most fascinating experimental demonstrations of 
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DNA as a ‘structural linker’ was carried out by Mirkin’s group 42 and Alivisatos’s 

group 43. Gold nanoparticles tagged with oligonucleotides were self assembled into 

different patterns/associations by adjusting the ratio of small to large particles. The use 

of DNA  as a ‘molecular bridge’ allowed greater control over interparticle distance, 

size and particle periodicity in constructing two and three dimensional 

nanostructures44 42 43. Mirkin constructed a gold nanoparticle (NP) network by grafting 

two types of particles (8 nm and 31 nm Au NP) with different 12-mer oligonucleotides 

containing a 5’- thio modifier. The NPs underwent self-assembly when 24-mer 

complementary oligos (complementary to those grafted on NP) were introduced into 

the hybridization buffer and the resultant nanostructures were formed. According to 

LaBean 45 the binding strength and melting temperature (temperature at which the 

double helix uncoils) of the DNA double helix can be effectively controlled by 

manipulating helix length, base composition and ionic strength of the buffer. The 

electrostatic contribution of buffer on DNA stiffness was studied using a magnetic 

trapping technique 46. One end of a single DNA molecule was chemically attached to a 

glass slide and the other end to a magnetic bead. The bead was then pulled by 

magnetic and hydrodynamic forces to stretch the DNA strand. Molecules became less 

contractile and therefore stiffer, at lower ionic strength. 

 

2.6 Material science of DNA  

Understanding intra- and intermolecular forces of the double stranded DNA 

helix from a material science standpoint requires direct physical measurement of 

interaction forces. Mechanical properties of individual double stranded DNA were 
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studied using optical 47and magnetic 46 trapping techniques. Just like any other 

novel technique, trapping methods have their own limitations. Maximum applied force 

for these techniques is around 10-3 N which is not suitable for experiments where 

greater applied force is needed. The atomic force microscope (AFM) was used to 

study intermolecular interactions between Avidin-biotin/ Avidin-streptavidin systems 

48. Adhesion forces between an avidin derivatized cantilever tip and biotin 

functionalized agarose beads were and found to be in multiples of 160± 20 pico 

newtons. Two types of interchain forces were identified in the double stranded DNA 

molecule: one associated with Watson-Crick base pairing between complementary 

strands and a second one due to elasticity of a single DNA strand 49. Two 20 base pair 

complementary DNA single strands were covalently immobilized on a silicon surface 

and a cantilever tip respectively. Interchain interaction forces were measured by 

pulling the derivatized cantilever tip attached to a highly sensitive force transducer, 

away from the complementary strand immobilized on the silicon surface. The 

adhesive force measured between single 20 base pair complementary strands was 

quantified to 1.52 nanonewtons. Similarly, the adhesive force measured between a 20-

mer non-complementary oligonucleotide averaged to around 0.38 nanonewtons 49. 

 

2.7 Coupling DNA to cellulose:  

Covalent linkage of polynucleotides to cellulose was first reported by Gilham 

in the early 1960s. Linkage was established through a phosphodiester bond at the 5’ 

phosphate terminal of the nucleotide chain50-52. A mixture of 2 mmol polynucleotide, 5 

g cellulose, and 4 mmol dicyclohexylcarbodiimide was shaken with glass beads in 
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pyridine for 5 days and eventually cleaned using filtration and thorough washing. 

Cellulose retained more than 50% of the nucleotides after the extensive cleaning 

process. The polynucleotide-cellulose macromolecule formed this way exhibited 

reasonable chemical stability and found tremendous application in nucleic acid 

research particularly in the fractionation of polynucleotides52. A novel and more 

versatile technique for preparing polynucleotide-cellulose macromolecules in an 

aqueous environment was first reported by Naylor and Gilham in 1966 53 and was later 

modified by Astell et al 54 to preferentially isolate oligodeoxyribo- and 

oligoribonucleotides complementary to the oligo sequence immobilized on cellulose54. 

This method involved specific activation of terminal phosphate groups of both natural 

and synthetic polynucleotides using cyclohexyl-N-β-(4-methylmorpholinium)ethyl 

carbodiimide and p-toluenesulfonate as activating reagents.  Such an activated 

terminal phosphate can react with nucleophilic hydroxyls of cellulose55 . This reaction 

worked the best in the solid state with controlled moisture. The resulting 

DNA-cellulose macromolecules were used as insoluble primers and templates for the 

nucleotide-polymerizing enzymes such as DNA polymerase and as initiators for the 

terminal doexynucleotidyltransferase 56. 

 Immobilization of DNA on cellulose substrate by irradiation with ultraviolet 

light has been reported by Litman in 1968. Approximately 90% of DNA (Calf thymus 

DNA) was retained on cellulose after irradiation followed by thorough washing with 1 

mmol NaCl. The amount of cellulose bound DNA was determined by UV absorbance 

of the wash and was estimated to be 30 µmol of DNA per gram of cellulose57. These 
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preparations were stable at room temperature for several years. Immobilization of 

double stranded DNA onto non-woven cellulose fabric by UV irradiation, and further 

utilization of DNA-immobilized cloth for accumulating endocrine disrupters, harmful 

DNA intercalating pollutants, and heavy metal Ions was examined by Yamada et al58-

60 The amount of DNA immobilized on non-woven fabric was found to increase as a 

function of length of UV irradiation and reached a constant value at ~15 min. The 

maximum amount of DNA immobilized per gram of fabric was 20 mg58 and DNA-

fabric was found to be stable at neutral and basic pH. Although no experimental data 

supporting the mechanism of DNA coupling on cellulose were presented, it was found 

out that DNA was eluted into the solution when it was incubated under acidic 

conditions suggesting that DNA was immobilized on cellulose through phosphodiester 

bonds that were hydrolyzed under acidic conditions. 

Another simple and efficient method for coupling DNA to cellulose was 

described by Moss et al.61 This method utilized a bifunctional oxirane, 1,4-butanediol 

diglycidyl ether to activate cellulose and subsequently bind Calf-thymus DNA on 

epoxy activated cellulose. A coupling efficiency of ~90% was shown at a 

DNA/cellulose ratio of ≤4 µg/mg which remained constant until the ratio became 12 

µg/mg and then eventually decreased61. 

 

2.8 Nanowire fabrication using DNA scaffolds  

DNA has low inherent electrical conductivity and hence needs modification to 

facilitate electron transfer. The most common method for DNA modification is 

electroless plating which involves electrostatic metallization and subsequent reduction 
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of metal ions bound to DNA 62. DNA has been used since the 1990s as a molecular 

scaffold for fabricating conducting nanowires and is of special interest to the 

electronics industry. Fabrication of nanowires and other nanofeatures using the top-

down approach faces tremendous challenges in the industry due to heavy cost and 

longer processing time. Bottom-up approaches for assembling NPs forming 

conducting nanowires by molecular means (for e.g DNA scaffolds) would help 

address this challenge. The organic scaffolds can be removed from the resulting 

materials leaving  pure conducting nanowires immobilized on the surface 63. This 

approach could potentially reduce the cost and time associated with the current 

nanofabrication techniques and may provide smaller, more reliable devices. A 

favorable aspect ratio (1-2 nm width and length up to a micron) makes DNA an ideal 

template for nanowire fabrication 64. The very first attempt to utilize this characteristic 

of DNA was made by Braun et al62,  who constructed silver nanowires across two gold 

electrodes (12-16 um apart) by DNA self-assembly using 12-mer oligonucleotides 

derivatized with a disulphide group at the 3’ end tethered on the gold surface. 

Oligomers were then hybridized with a 16 um fluorescent labeled λ-DNA (having 12 

base sticky ends complementary to functionalized oligos on the gold surface) to 

construct a molecular bridge. Ag+ ions were deposited along the DNA molecule 

through Ag+/Na+ ion exchange to instill electrical conductivity and later reduced to 

metallic silver using acidic hydroquinone. An alternative strategy for chemical 

reduction of Ag+ ions on DNA scaffold was proposed by Berti 65 in 2006. They 

exposed metallized dsDNA molecules to UV radiation from 6 W lamp at 254 nm. 
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DNA nucleotides absorb UV at 254 very effectively, acting as light antennas. 

Absorbed light causes localized photo-oxidation on DNA and results in reduction of 

complexed silver ions. Research in nanowire fabrication has already made significant 

progress with the advent of surprisingly small integrated circuits in the electronic 

industry. Several other attempts have been made on metallization of DNA using 

different inorganic metal ions like palladium66, copper67, gold 68 and semiconductor 

nanoparticles like CuS 69 on bacteriophage λ-DNA molecules. Fabricated nanowires 

from these metals atoms are of no use unless they are immobilized on a surface (for 

e.g an electronic circuit) in a specific orientation. In the aqueous phase, a DNA 

molecule is randomly structured due to thermal fluctuations. Entropy resulting from 

these fluctuations will shorten the end to end distance of the oligonucleotide to a much 

smaller size than its contour length 70 Various strategies have been developed for 

orienting and stretching the DNA molecule using suitable forces. The most common 

and  simplest approach  is ‘molecular combing’ originally introduced by Bensimon71 

where  5 ul of λ-DNA solution was placed between silanized glass and a cover slip. 

Individual DNA molecules are stretched by the receding meniscus between substrate 

and cover slip. Alignment of DNA is ascribed to surface energetics of the moving air-

water interface. Forces created by surface tension are sufficient to overcome internal 

forces that cause the DNA molecule to coil without breaking its backbone. 

 Remarkable progress has been made in the nanofabrication of carbon 

nanotubes (CNTs) 72, 73, 74  biocolloids 75, 39, 76 and inorganic nanoparticles like Au 42, 

43 by organizing these materials into multifunctional nanostructures using DNA as a 
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structural linker. One of the potential candidates  for nanodevice applications is 

single walled carbon nanotubes (SWNTs). Existing SWNT-based devices such as field 

effect transistors, logic circuits and single electron transistors are constructed using 

‘top-down’ lithographic techniques. Fabrication of more complex structures with high 

device density and desirable small size requires ‘bottom-up’ strategies. DNA can be 

efficiently utilized for these complex nanoscale fabrications and that spurred research 

in understanding the self-assembling properties of DNA. Dwyer77 showed that carbon 

nanotube transistors can be self assembled into circuits  using DNA.  

2.9 DNA Hypochromism 

The optical properties of DNA and RNA nucleotides are affected by their 

three-dimensional structure. Advanced analytical tools take advantage of this attribute 

for quantifying chromophores present in nucleotides. Ultraviolet (UV) absorption and 

circular dichroism (CD) spectroscopies are powerful techniques for determining 

nucleic acid structure and stabilities. Upon heating (usually above 80 oC), the double 

stranded DNA helix denatures and unwinds to form single stranded DNA, often called 

melting. Bases unstack themselves and absorb more light as they become single 

stranded. In their native state, DNA bases (nucleotides) absorb light in the 260 nm 

wavelength region. As DNA bases  become unstacked, the wavelength of absorbance 

remains the same (260nm), but the amount of absorbed light increases by 30-40% 78.  

The ratio of the absorbance of individual bases to that of its duplexed form is called 

the hypochromicity ratio. Hypochromicity generally ranges from a factor of 1 to 1.4  

78. Hypochromism occurs as a result of interactions between electric-dipole moments 

of individual bases with their neighbors. UV absorption spectroscopy exploits the 
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hypochromic effect of DNA to determine nucleic acid structural transitions and 

obtain thermodynamic parameters. However, UV absorbance spectroscopy is 

considered to be an inadequate technique for determining monomolecular structural 

transitions like melting of hairpins and random coils 79. Both hairpins and random 

coils are monomolecular; hence converting hairpins to random coils will be 

independent of concentration. Conversely, converting hairpins to duplexes shows an 

increase in concentration. Studies done by  Williams et al79 revealed that UV 

absorption spectroscopy was sensitive to the concentration dependent structural 

transitions of DNA (like converting single strands to duplexes) while circular 

dichroism (CD) spectroscopy can clearly detect both concentration dependent and 

independent transitions. 

 

2.10 Tissue engineering  

Nanoscience has made significant technological advances that have been 

increasingly utilized in tissue engineering of bone cells (Osteocytes). Current issues 

related to bone tissue replacement have been identified as inadequate mechanical 

strength of scaffold material, ineffective cell growth and poor osteogenic 

differentiation at defective sites due to insufficient production of growth factors 80. An 

ideal bone tissue engineering scaffold should be mechanically strong, osteoconductive, 

biocompatible and biodegradable. The most promising way to develop nanocomposite 

bone scaffolds with sufficient mechanical properties is by incorporating nanoparticles 

into biocompatible and biodegradable matrices. Nanocomposites can have excellent 

mechanical properties if they have strong interfacial interaction between the nanosized 
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particle and the surrounding matrix. Due to their extremely small size and large 

surface area, the interfacial volume in nanocomposites will be higher than normal 

biocomposites. This attribute can enhance the stress transfer capability and thereby 

improve the stiffness of the material. This enables nanocomposites to serve as an ideal 

candidate for developing novel delivery systems for bone regeneration 80. Stress and 

strain balances between implanted scaffolds and surrounding tissues should be well 

maintained for proper implant-tissue integration and adequate bone 

regeneration81Calcium phosphatase bioceramic nanoparticles such as hydroxyapatite 

(HA) and tricalcium phosphate have been increasingly used in bone tissue engineering 

since these ceramics mimic the chemistry and structure of native bone mineral 

components.  Hydroxyapatite is a hydroxyl end member of naturally occurring 

calcium apatite with molecular formula Ca10(PO4)6(OH)2. Recently, attempts have 

been made to combine osteoconductive HA with biodegradable copolymers like 

polyethylene glycol (PEG)/poly butylene terepthalate (PBT) using hexamethylene 

diisocyanate as coupling agent 82. Furthermore Wei et al83 showed that a composite 

scaffold consisting of HA nanoparticles and polylactic acid (PLA) has increased 

compressive modulus and protein adsorption. Incorporation of HA nanoparticles 

altered pore morphology of the scaffold composite that in turn promoted protein 

adsorption. Organic isocyanate can readily react with surface hydroxyl groups of HA 

and the surrounding polymer matrix thereby improving interfacial interaction. 

Comparable mechanical properties and surface hydroxyl groups make CNXL a 

potentially useful component in HA-based bone replacement scaffolds.  
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2.11 Water soluble carbodiimide chemistry 

 Carbodiimide (RHN=C=NHR’) reacts with carboxylic acids to form N-

acylisoureas or acid anhydrides and other appropriate ureas 84. Water soluble 

carbodiimides do not yield the expected N-acylurea due to rapid hydration of 

carbodiimide by water to form ureas85.  Aliphatic carbodiimides and carboxylic acids 

normally yield disubstituted ureas along with acid anhydrides86. The chemistry of 

carbodiimides was extensively reviewed by Khorana in 195387 and later by Kurzer and 

Douraghi-Zadeh in 196784.Carbodiimides react with functional groups other than 

carboxylic acids like amino groups, guanides, phenolic groups, aminoalcohols and 

sulfhydryls. The most popular reaction of carbodiimides that has often been discussed 

in the recent literature is the reaction with carboxylic groups. The ability of 

carbodiimide to couple carboxylic acid containing macromolecules with compounds 

having nucleophilic functional groups (e.g. amines) has been well established. 

Carbodiimide can activate carboxylic groups forming active esters which in turn react 

with nucleophiles  to produce a large variety of possible products88. In most cases, 

amines are used as nucleophiles to form stable amides.  Salts of carboxylic acids are 

unable to form active esters with carbodiimide in a completely aprotic condition. 

Hence, retaining the fully protonated form of the carboxylic acid group is critical for 

effective activation 89. The influence of possible variables that determine coupling 

efficiency of carbodiimide were studied by Lloyd and Burns 90,91 who showed that 

maximum coupling is attained within 1 hr reaction time, coupling efficiency increased 

with pH and was maximized at pH around 6.5 to 7.5. Theoretically, a certain 
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concentration of hydrogen ions (protons) is required to protonate all of the 

carbodiimide and hence activation should be initiated at acidic pH ~ 4.5 to 6. The 

efficiency of carbodiimide coupling is a function of the accessibility of the functional 

groups, both carboxyl on the polymer and nucleophile (amino group) on the collagen 

90.  

 

2.12 Nanocrystal Characterization: Particle sizing 

 Single particle counting (SPC) and ensemble averaging (EA) are the two type 

of particle sizing techniques applied in colloidal chemistry and nanoparticle 

characterization. SPC is often performed with the help of either imaging (AFM and 

TEM for example) or counting single particles as they pass through an orifice 

(electrical zone counters, for example). One of the major drawbacks encountered 

during particle sizing using microscopy is poor statistics when not enough particles are 

counted92. In contrast, EA techniques involve measurement of many particles 

simultaneously in which resolution varies from high to low depending on the 

particular technique employed. Here resolution is defined as the ability to distinguish 

different particle sizes and form a detailed particle size distribution (PSD) curve. Most 

light diffraction and scattering techniques fall under this method of particle sizing. 

Two important EA techniques that are often used are sedimentation (SD) and dynamic 

light scattering (DLS).  According to Stoke’s law particle size can be determined from 

the time taken by each particle to travel from its initial to a previously specified 

position. Stokes equation can be written as 
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Where t is the time taken by particle to travel from initial to a previously 

specified position, η is viscosity of the liquid in which particle is suspended, h is the 

distance traveled by the particles, ∆ρ is difference in density between particles and 

fluid, g is acceleration due to gravity and d is the diameter of the particle. In the SD 

technique, particles in the micrometer range can be accurately measured whereas DLS 

applies only to particles small enough to remain suspended in a liquid93. This include 

dissolved macromolecules, liquid-liquid microemulsions, liposomes, self assembled 

particles such as micelles and the solid colloids such as latexes, carbon blacks, 

pigments, clays and ceramics just to name a few. Dynamic light scattering determines 

the particle diffusion coefficient from the intensity fluctuations of scattered light. The 

driving force behind particle diffusion is random (Brownian) multiple collisions 

between particles and the surrounding solvent molecules. As a result of Brownian 

motion, the scattered light intensity from these diffusing particles will fluctuate in 

time. Large particles give rise to low frequency fluctuations and small particles give 

rise to higher frequency fluctuations. The time dependence of the fluctuations can be 

best analyzed by autocorrelation of the scattered light (photons). Analyzing 

fluctuations instead of the magnitude allows one to determine the diffusion coefficient 

of the particle. According to Einstein, the translational diffusion coefficient, 

where k fT/ k  D Bt = B is the Boltzman constant, T is temperature in Kelvin and f is the 
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friction coefficient from Stoke’s law for sedimentation. Hence the final equation is 

known as the Stoke-Einstein equation94.   

hBt dTTkD )(3πη=
 

Where dh is hydrodynamic diameter of the particle. 

 

2.13 Atomic Force microscope  

The phenomenon of electron tunneling had been known to the scientific world 

for a long time, but application of this phenomenon for imaging conducting and 

non-conducting surfaces was developed only in the early1980s. The scanning 

tunneling microscope (STM)  utilizes the phenomenon of electron tunneling and has 

remained a powerful tool for real time visualization of surfaces on an atomic scale95. 

The atomic force microscope (AFM), evolved from STM, relies on mechanical forces 

between a probe tip (which is fixed on the end of a cantilever) and the surface. This 

mechanical force will generate a response in the cantilever, notably a deflection. The 

deflection changes the position of the cantilever and is measured using a laser which is 

reflected by the cantilever and detected by a photo-detector. The deflection is kept 

constant by varying the vertical position of the tip to produce a constant force image 

representing the topographic structure of the surface96.  A conducting sample surface 

is not essential in this case. This obviates the need for a conductive coating on the 

sample, that could possibly compromise the fine details of the nanostructures during 

imaging. Traditional microscopes like optical, scanning electron and transmission 

electron microscopes can image only on one plane at a time, an AFM can resolve 
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structures in x, y and z directions at an astonishingly high resolution. Three modes 

of operating AFM are contact, tapping and non-contact modes. Tapping mode is 

typically used for imaging biomaterials that are loosely held to the substrate and can 

be easily damaged by surface contact 97. In tapping mode a cantilever is oscillated 

close to its resonance frequency. , The oscillation amplitude changes as the tip is 

brought close to the surface and the z component of the scanner maintains this new 

amplitude during imaging. The image is obtained by monitoring the z component of 

the sample while the tip moves across the sample97. 

 

2.14 AFM sample preparation 

 DNA imaging by scanning force microscopy, scanning tunneling microscopy 

and atomic force microscopy uses various means of adsorbing or mounting DNA to 

flat surfaces. The surface on which the DNA is attached must have a background 

roughness smaller than the size of the DNA molecule so that it is easily discernible. 

Although several different materials like minerals and glass surfaces have been tried, 

ruby mica remains the most widely used substrate 98 for DNA imaging. The probe tip 

of the scanning probe microscope operating in contact mode exerts a force normal to 

the surface typically in the 0.1 to 100 nN range while imaging a biological sample 99. 

Such a force can either deform the molecule or push it around on the surface. When 

the object moves on the surface, the resolution of the image will be compromised and 

it will appear smeared. On an atomic scale, the mica surface consists of hexagonal 

rings of oxygen atoms that make it highly polar and rich in hydrogen bond acceptors 

100. As a result, the atomically cleaved mica surface has negative surface charges and 
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is quite hydrophilic. DNA molecules with plenty of negative charges on the back 

bone will not stick to the mica surface due to like-charge repulsion. Chemical 

modification of the mica surface by treatment with silane-bearing amines or 

quaternary amino groups have been tried as an alternative 101 102 103. Surface 

modification of silicon wafers by surface silanization with amine bearing silane, e.g 

aminopropyltriethoxy silane (APTES) have been successfully used based on this same 

principle 104. Another critical factor that determines image quality along with tip 

sharpness is ambient humidity. Researchers have found that capillary forces acting 

between the sample surface and the tip were significantly increased by a water layer 

that exists between these two under humid conditions 99. This excess force between tip 

and surface can cause compression of the sample and may severely impair image 

quality. However, imaging under liquid, particularly propanol was found to be helpful 

in eliminating this capillary effect and Van der Waals forces105 101,105. Most of the 

surface modification techniques on mica and silicon wafers discussed above involve 

introduction of positive charges on the substrate surface. Depositing poly-L-lysine on 

a mica surface to enhance fixation of negatively charged biomolecules like DNA has 

also been tried with reasonable success 104.  
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CHAPTER 3   OBJECTIVES 

Specific objectives of this project are to determine the feasibility of utilizing 

CNXL/DNA hybrid materials to develop nanoscale devices and materials by:  

1.      Surface modification of cellulose nanocrystals by carboxylation of C6 primary 

alcohol group. 

2.      Grafting single stranded DNA on carboxylated cellulose nanocrystals 

(C-CNXLs) through an amide linkage. 

3.      Bond C-CNXLs using DNA hybridization. 

4.      Characterize the resulting DNA/cellulose hybrid nanomaterials for their 

thermoplasticity and morphology. 
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CHAPTER 4  MATERIALS AND METHODS 

4.1 Materials 

 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO) and 

aminopropyltriethoxy silane (APTES) were purchased from Sigma-Aldrich Inc (St. 

Louis, MO). Sodium hypochlorite (11% active chlorine) was purchased from VWR 

(West Caahester PA). Sodium bromide (NaBr) and 2-morpholinoethanesulfonic acid 

monohydrate106 (MES) were purchased from EMD Chemicals Inc (Gibbstown NJ). 

Potassium phosphate monobasic was purchased from Mallinckrodt Baker Inc. (Paris, 

Kentucky). 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) 

and N-hydroxysuccinimide (NHS) were purchased from Pierce (Thermo Fisher 

Scientific, Rockford, IL). Dialysis tubing (Float-A-Lyzer MWCO 10,000) and 

Mikrocross ultrafilters (MWCO 300,000) were purchased from Spectrum Laboratories 

Inc (Rancho Dominguez, CA).  

4.2 Oligonucleotide design. 

 Complementary strands comprised of 20 bases designed with 5’-C6 amino 

modifiers were purchased from Oligos etc (Wilsonville, OR). The specific sequences 

are: 

Strand A {5’-aminoCn /GCT CTA CCT GAC TAG CTC GT-3’} 

Strand B {5’-aminoCn /ACG AGC TAG TCA GGT AGA GC-3’} 

 Where n = 6. The 20 base oligomers were designed to obtain 55% GC 

content (molar percentage of cytosine and guanine bases) and predicted melting 

temperature (Tm) of 71 oC at a buffer concentration of 50 mM NaCl. Potential 
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‘stem-loop’ structures that might form in each of the single strands had calculated 

melting temperature (Tm) below 34oC. Homodimers of each strand had calculated Tm’s 

below 8.9oC. 

Complementary strands of 78 base oligonucleotides were designed with 5’-C12 amino 

modifiers and purchased from Integrated DNA technologies (IDT, Coralville, IA).  

Strand A {5’-aminoC12/CAG TCA GAT CAG GAC ATG AGA TCA TGC TAG 

TCA GCT ACG GTC ACT GCT AGT CCG TAC GTA CCA TGT CAT AGT GTA 

GGT-3’ 

Strand B {5’-aminoC12/ACC TAC ACT ATG ACA GGT TAC GTA CGG ACT 

AGC AGT GAC CGT AGC TGA CTA GCA TGA TCT CAT  GTC CTG ATC TGA 

CTG-3’ 

 

4.3 Determination of DNA Tm using UV-Vis.  

The melting temperature (Tm) of DNA at the buffer concentration used in this 

project was experimentally determined using UV-Vis spectroscopy. Complementary 

strands of 20 mer DNA (15 nmole each ) were mixed together to attain a total of 30 

nmoles of duplexed DNA. Duplexed sample was then diluted to ~5 mL with 0.1 M 

phosphate buffer,  500 mM ionic strength to obtain a final concentration of                          

6 nmole /mL. According to the Beer-Lambert law, absorbance is linearly related to 

molecular concentration, path length of light through the sample and molar extinction 

coefficient of the molecule. One of the limitations of the Beer-Lambert law is its 

nonlinearity at very high molecular concentration107. This occurs due to the deviations 

in molar extinction coefficient of the molecule caused by electrostatic interactions 
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between molecules in close proximity.  In this project, we would like to conduct the 

DNA melting experiment in the linear range of Beer-Lambert law (typically > 2 abs 

unit). Hence the final concentration of the duplexed sample was adjusted to                  

6 nmole/mL in order to adjust the UV absorbance at 260 nm below 1.5 absorbance 

units. The DNA sample was hybridized at 40 oC overnight to form a dsDNA duplex. 

The duplexed DNA sample was then transferred to a quartz vial and heated according 

to the following temperature program using a Cary-100 Bio UV-Vis Spectrometer 

with internal temperature controller. UV absorbance at 260 nm was measured at every 

3 oC interval during the heating and cooling cycles.  

Temperature program followed was:  

Starting temp = 40 oC, Ramp = 2 oC/min, Final temp =85 oC, hold at 85 oC for 

3 min, Returning temp = 40 oC, Ramp = 2 oC /min. 

 

4.4 CNXL preparation and surface modification.  

CNXLs were prepared from pure cotton cellulose by sulfuric acid hydrolysis 

using a previously described method.108 The resulting aqueous CNXL dispersion from 

two different batches was then subjected to oxidation, converting the surface C6 

primary hydroxyls to carboxylic acids via TEMPO-mediated carboxylation.109-112 

Briefly, 200 mL of 1% CNXL suspension were slowly stirred with 140 mg of TEMPO 

(70 mg/g CNXL) and 360 mg of NaBr (180 mg/g CNXL). The reaction was initiated 

by adding an initial 10 mL of 11% hypochlorite (NaClO) to the reaction mixture. A 

pH of 10.2 to 10.5 was maintained by adding hypochlorite (55 to 60 mL for the entire 

reaction) automatically via a pH controller for 48 hrs. The reaction was quenched with 
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30 to 40 mL of ethanol (excess unreacted hypochlorite will be utilized to convert 

ethanol to acetic acid and thereby stops further oxidation of CNXLs)  and the mixture 

was purified by sequentially diluting with filtered deionized water and then 

concentrating by ultrafiltration until a low conductivity( typically 10-20 µS/cm) was 

achieved. The oxidized CNXL dispersion was then protonated by acidifying to pH 

~1.5 with 0.1 N HCl and stirring for 30 minutes. The dispersion was again purified 

using ultrafiltration until a conductivity of <10 µS/cm was obtained. Approximately 

100 mL of carboxylated sample (0.45 % solids) from two different batches of sulfuric 

acid hydrolyzed CNXLs were prepared and stored at 4 oC in refrigerator. The 

carboxylate content on the CNXL surface was determined via potentiometric titration 

against 0.05 N NaOH. A 3 mL aliquot of carboxylated CNXLs (0.45% solid content) 

was titrated against 0.05 N NaOH standard solution from a burette at 0.05 mL 

increment with gentle stirring of the carboxylated CNXL sample. The pH of the 

carboxylated CNXL (Y axis) was plotted against volume of the titrant (0.05N NaOH , 

X axis). Carboxylate content (mmol CO2H per gram of CNXLs) was calculated from 

the inflection point of this potentiometric titration curve. The inflection point was 

determined from the first derivative peak of the titration curve, see figure 6. A detailed 

schematic of the experimental scheme is presented in Figure 4. 

  

4.5 Carbodiimide coupling of oligonucleotide and CNXL 

 Grafting of the amine-modified ssDNA onto the CNXL surface was carried 

out via the EDC reaction in two steps: 1) activation of carboxylic acid groups on 

CNXL and 2) bonding of oligonucleotides to activated CNXLs. Carboxylated CNXLs 
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(1.73 mmol COOH/g CNXL) were filtered using a 0.2 µm pore size syringe filter to 

remove dust, bacteria, fungal hyphae and agglomerates. The filtered CNXL dispersion 

was then diluted from ~0.45% to 0.1% solids content and stored in a refrigerator at 4 

oC. EDC and NHS stock solutions were prepared in 0.05 M MES/0.5 M NaCl (5.7 pH) 

buffer. A 200 µL aliquot of 0.1% carboxylated CNXL suspension (0.2 mg of carboxy-

CNXL) was stirred with 5 and 10 molar excess of EDC and NHS in MES buffer, 

respectively, for 30 minutes at room temperature. The EDC reaction was confirmed by 

FTIR analysis of ultrafiltered (MWCO 50 kD) freeze-dried CNXLs in KBr pellets. 

 Excess reactants were removed from the EDC-activated CNXLs by 

alternately diluting with filtered deionized water and concentrating with a MicroKross 

ultrafilter (MWCO 50 kD). The activated CNXLs were then transferred to a reaction 

vial containing 0.65 µM amino-ssDNA oligomer in 0.1 M phosphate buffer with 0.5 

M NaCl at pH 7.3. Reactions (2 h) were carried out separately for both strand-1 and 

strand-2 (complementary to each other) at room temperature. Next, 1 mL aliquots of 

the reaction mixtures (both strand 1 and strand 2) were mixed in a glass vial.  For 

AFM imaging, the sample was incubated for 12 h at 35 oC. The hybridized sample was 

then dialyzed for 5 days or until the conductivity dropped below 5 µS/cm prior to 

sample preparation for AFM imaging. Water in the dialysis bath was replaced with ~ 

10 liters of fresh clean DI water 3 times (every 2 hrs) for the first 6 hrs and then once 

every 24 hrs. A 2mL aliquot of water in the dialysis bath was tested for its UV 

absorbance at 260 nm every 24 hrs. It was observed that UV absorbance (at 260 nm) 
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due to unreacted ssDNA oligomers dialyzed from the reaction mixture eventually 

reduced from ~0.5 to 0 after 96 hrs (4 days).  

A control experiment was performed to understand the non-covalent 

interaction of ssDNA oligomers on CNXL in the absence of a coupling agent. A single 

trial experiment was done using the same grafting protocol explained in section 5.5. A 

control sample was prepared by mixing carboxylated CNXL and ssDNA at CO2H : 

ssDNA ratio of 1:1, but with no EDC. All the samples (both reacted and control) were 

subsequently cleaned using MicroKross as explained above. UV absorbance (at 260 

nm) of each sample was measured after each cleaning cycle until a total of 10 

cleanings were performed. For the control sample, no DNA was detected, either in the 

cleaned reaction solution or grafted to the CNXLs. 
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Figure 4. A schematic representation of the experimental plan for the production of 
CNXL/DNA hybrid material (a) TEMPO mediated carboxylation of CNXLs (b) 
grafting single stand DNA on carboxylated CNXLs using EDC and NHS (ssDNA-g-
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CNXL) (c)&(d) hybridizing single stranded DNA-g-CNXL to form a DNA-CNXL 
duplex (dsDNA-g-CNXL) 

 
 
4.6 Fourier Transform Infra-Red Spectroscopy (FTIR) 

Acid hydrolyzed CNXLs, carboxylated CNXLs and EDC/NHS activated 

CNXLs were analyzed using a Thermo Nicolet, NEXUS 470 series FTIR. 

Approximately 0.3 mg of freeze dried samples were  blended with ~30 mg of KBr, 

previously dried using a convection oven at 150 oC overnight to remove all the 

residual moisture. CNXL samples mixed with KBr were hand pressed to make a 

transparent window. IR spectra were acquired over a frequency range of 4000 cm-1 to 

400 cm-1using 40 scans at a resolution of 16 cm-1. Spectra were processed using 

Thermo-Nicolet custom software Ominic (version 6). 

 

4.7 UV-Vis spectroscopy  

The grafting yield of ssDNA on CNXLs was determined using UV-Vis 

absorption spectroscopy. UV absorbance measurements were made using a Shimadzu 

UV-2501 PC spectrometer with 50 W halogen and deuterium lamps with an effective 

photometric range of 190-900 nm. Measurements were taken at a scan rate of 1700 

nm/min at 2 nm intervals and the absorbance values at 260 nm were recorded. DNA 

concentration was determined from the molar extinction coefficient of the strands at 

these wavelengths. In this assessment, it was assumed that grafting to CNXLs had no 

effect on the molar extinction coefficient of the DNA.  
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4.8 Dynamic light scattering (DLS). 

DLS experiments were carried out using a BI-200SM motor driven research 

goniometer (Brookhaven Instruments Corp, Holtsville, NY) fitted with a temperature 

control unit (type BI-TCD). A 35 mW He-Ne LASER (632 nm) was focused 

horizontally on the center of rotation of the sample cell using a 10 cm focal length 

lens. Scattered light was focused onto the slit in front of the detector (Avalanche 

photodiode, BI-APD with a dark count rate of 200±25 cps at 24 oC). The sample cell 

(10 mL cylindrical ampule) was immersed in a bath of index matching liquid 

(trans-decalin) of n=1.479 at 25 oC. The signal was analyzed using a BI-9000AT 

digital high speed autocorrelator covering over 10 decades in delay time. DLS 

experiments were performed at a concentration of 0.1 mg/mL CNXL. Verification that 

the instrument was properly aligned was obtained by measurements of the 

hydrodynamic radius of polystyrene latex spheres (90±3 nm) (Duke Scientific Palo 

Alto CA). Measurements were taken at a 90o angle through a 100 µm pinhole turret in 

self-beating optical mixing mode. The temperature was varied from 25 to 75 oC 

without removing the sample from the instrument. 

 

4.9 Atomic force microscopy (AFM)  

4.9.1 Sample preparation 

 Samples of duplexed DNA-g-CNXL (one sample each from four different 

preparation), ssDNA grafted CNXL (two samples were randomly picked from four 

different preparation), carboxylated CNXLs  and unmodified CNXLs (starting 

material) were prepared for imaging by placing a drop of the suspension on a 
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chemically modified silicon wafer (Ted Pella Inc, Redding CA). The modification 

protocol was to immerse a clean Si wafer in a 3% solution of APTES in distilled 

toluene for at least 24 h. The surface modified wafers were then dried in a convection 

oven at 110 oC for 10 minutes. A drop (5-8 µL) of CNXL suspension of approximate 

solid content    7*10-7 % was deposited on the modified wafer surface. The sample was 

then dried for 5 min using a 100 W bulb ~300 mm distant from the sample. Both 

duplexed and ssDNA grafted CNXLs were adjusted to the same percentage solid 

content for imaging.   

 

4.9.2 Imaging 

 Experiments were performed using a Dimension 3100 series Scanning Probe 

Microscope (Veeco Metrology Inc., Santa Barbara, CA). The AFM was operated in 

tapping mode using a NSC 15/AIBS rectangular silicon cantilever (MikroMash 

Wilsonville OR) with a tip radius <10 nm, typical resonance frequency of 325 kHz 

and force constant of 46 N/m. DNA/CNXLs samples on modified silicon wafers were 

captured at an amplitude set point of 1.35 and scan rate of 0.75Hz. First a 10 um 

image was scanned and then DNA/CNXL duplexed structures were identified within 

this 10 um image, next the instrument was zoomed in to capture magnified images (3 

um size images) of duplexed or assembled CNXL structures.  
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CHAPTER 5   Results and Discussion 

5.1 Characterization of carboxylated CNXLs. 

The surface concentration of acid groups per unit mass of CNXL was 

determined by potentiometric titration. Surface carboxyl content (mmol of CO2H per 

gram of CNXL) on CNXLs was calculated from the inflection point of the titration 

curve using the highest peak of its first derivative. Carboxylate contents of 1.43 and 

1.70 mmol CO2H/ g CNXL were obtained for the first and second batch of oxidized 

CNXLs, respectively. A typical potentiometric titration curve and its first derivative 

are shown in Figure 5. 
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Figure 5. A potentiometric titration curve of carboxylated CNXLs and its first 
derivative peak.  
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EDC activation of carboxylated CNXLs was successfully carried out at pH 

4.5, 6 and 7.5. The EDC activation step was confirmed by immediately freeze drying 

the activated sample, thereby avoiding degradation of the unstable intermediate, then 

taking the transmission spectrum using FTIR. FTIR transmission spectra of sulfuric 

acid hydrolyzed CNXLs showed a 1649 cm  peak (see Figure 6a)  in the carbonyl 

region persumably due to the partial oxidation of carbon on the cellulose backbone 

and adsorbed water . Typically,  carbonyl groups on cellulose chain with 

intermolecular hydrogen bonding have a frequency subrange between 1650-1670 cm

. 

-1

113

-1 

114  TEMPO mediated oxidation of the C6 primary alcohol  on the CNXL surface 

introduced new carboxylic acid group that was not hydrogen bonded and hence an 

additional carbonyl peak at 1730 cm-1 (see Figure 6b). EDC activation of carboxylated 

CNXLs at pH 4.5 converted the C6 carboxylic acid groups into  an O-acylisourea ester 

intermediate. A small peak at 1710 cm-1 represents C=O of the ester intermediate and 

a strong band at 1625 cm-1 was from C=N stretching of the isourea substituent, (Figure 

6c). In the transmission spectra of single stranded DNA grafted CNXLs, we have seen 

a shoulder at 1716 cm-1 which represents the C=O stretching of guanine on DNA 

chain and an carbonyl peak at 1650 cm-1 assigned for amide linkage between ssDNA 

and CNXL, (figure 6d). These findings from FTIR transmission spectra were helpful 

in confirming the sequence of chemical changes occurred during EDC activation of 

carboxylated CNXLs.

.
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Figure 6. Carbonyl region of FTIR transmission spectra 115 a) Sulfuric acid 
hydrolyzed CNXL(starting material) b) Carboxylated CNXL showing 1730cm-1 peak 
of fully protonated carboxylic acid groups116 c)  EDC activated carboxy-CNXL at pH 
4.5 and d) ssDNA grafted CNXL 
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The prepared CNXLs and their carboxylated form were characterized using 

transmission electron microscopy (TEM) and atomic force microscopy (AFM) to 

determine their size and shape117. Previous work in our lab using TEM118 had revealed 

that CNXLs were  needle shaped (Figure 7). Individual crystals showed a tendency to 

agglomerate in parallel, although it was not clear whether this occurred in dispersion 

or during the drying process. The shape of CNXLs appeared different in AFM 

compared to the TEM image (Figure 8)  

 

 

Figure 7.  TEM image of unmodified CNXLs from cotton118 

 

The CNXL width was much  broader with rounded ends. This tip-broadening 

effect was due to the CNXL height and width being in the same size range as the AFM 

tips used.117 However, the height measured by AFM was in general agreement with 

the width measured by TEM. A visual inspection of  AFM images of carboxylated 
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CNXLs showed no difference in morphology when compared to acid hydrolyzed 

CNXLs (Figure 8).  

 

  

 

 

 

 

 

 

A B

Figure 8. AFM tapping mode phase image of (A) Unmodified CNXLs and (B) 
Carboxylated CNXLs on mica substrates. 

 

5.2 Optimization of EDC reaction. 

  This study assessed the coupling reaction using DNA oligonucleotides from 

two different sources, one with a C12-amino modifier and the second with a C6-amino 

modifier. Primary amines on the C12 spacer were expected to have better reaction 

accessibility when compared to amines on the C6 spacer. Optimization of the EDC 

concentration was performed using the C12 oligomer.  The remaining experiments 

were performed with the C6 oligomer.   
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5.2.1 Effect of EDC concentration on ssDNA grafting yield. 

 The optimum molar concentration of EDC in the grafting reaction was 

determined  using the amino-C12-ssDNA oligomer. A ssDNA:CO2H molar ratio of 1:1 

was used throughout the experiment. All parameters were held constant as described 

above except the activation pH and EDC content. Three different activation pHs and 

EDC /COOH ratios were used in this experiment, thus producing nine treatments. 

Three trials or reactions were conducted for each set of variables (activation pH and 

EDC/COOH ratio). The average final yield from three different reactions represents 

one data point in Figure 9. The optimum grafting yield was obtained at 5 molar excess 

of EDC and an activation pH of 6 (Figure 9).  Note that the C12 oligomer shows almost 

twice the activity (47 µmol DNA/g CNXL) as the C6 oligomer (23.5 µmol DNA/g 

CNXL at the same conditions).  The C12 graft on the DNA oligomer evidently 

provides for greater accessibility to, and thus reactivity with, the carboxylates on the 

CNXL surface in this heterogeneous reaction.  The degree of substitution on the 

CNXL surface is also a factor. Typical surface areas for CNXL nanoparticles are ~250 

m2/g.119  The highest grafting value we achieved, 47 µmol DNA/g CNXL for the C12 

oligomer, produces an estimated ~9 nm2/DNA graft, which suggests a spacing of ~ 3 

nm between DNA backbone chains extending from the surface.  Since the cross-

sectional extent of a (duplexed) DNA molecule is on the order of 2 nm,120 there may 

be a crowding factor involved and the longer C12 modifier on the DNA oligomer may 

provide more flexibility for the graft and thus accommodate a higher crowding factor 
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Figure 9. Extent of ssDNA grafted on carboxylated CNXL as a function of 
EDC:COOH during  activation at different pHs. Note the C12 to C6 comparison.  
Coefficients of variability were <10%. 

A control experiment was performed to analyze non-covalent interactions 

between DNA and carboxylated CNXL, i.e. to observe whether the ssDNA oligomers  

adsorb onto the CNXL surface. First a single trial experiment was carried out by 

coupling amino-C12-ssDNA on activated carboxy CNXL. Carboxylated CNXL 

(1.43mmol CO2H/g CNXL) was activated using EDC at pH 4.5, 6 and 7.5 in 0.01 M 

MES buffer at 0.2M ionic strength according to protocol in section 5.5. Next a control 

sample was prepared by mixing ssDNA and carboxylated CNXL in 1:1 molar ratio of  
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CO2H:ssDNA with no EDC. The ssDNA grafted CNXL  and control samples were 

filtered using MicroKross (50,000D MWCO) and sequentially diluted and 

concentrated in activation buffer. The UV absorbance of each sample was measured at 

260 nm after each filtration cycle according to the protocol in section 5.6. The UV 

absorption of ssDNA grafted CNXL samples gradually decreased from 4 to 2.2 after 9 

filtration cycles. In contrast, the absorbance of the control sample dropped from 4 to 

0.5 after the first filtration and remained almost constant  till the 9th filtration cycle 

(see Figure 10). This substantial decrease in absorbance was due to the complete 

removal of ssDNA from the CNXL surface in the absence of the covalent linker 

(EDC).This confirmed that ssDNA was not adsorbed on the CNXL surface due to 

non-covalent interactions like Van der Waals forces in the absence of the molecular 

coupler (EDC). An absorbance of 0.45 was observed for the control sample even after 

9 filtration cycles (Figure 10). This could be due to the scattering of UV light from 

CNXLs suspended in the buffer. 
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Figure 10. Control experiment showing decrease in absorbance at 260 nm for ssDNA 
grafted CNXLs and control samples during ultrafiltration cycles. 
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5.3 Effect of molar ratio of ssDNA/COOH on grafting yield. 

 The molar ratio of ssDNA to CO2H was optimized by varying CO2H content 

in the grafting reaction mixture (Figure 11). This experiment and all subsequent 

experiments utilized the C6-modified DNA oligomer, as explained previously. A 5 

molar excess of EDC to CO2H at pH 6 was used for activation of carboxylated 

CNXLs. The  ssDNA: CO2H ratio was increased by reducing the CO2H content (and 

thus the CNXL content) while maintaining a constant ssDNA concentration. 

Maximum grafting yield was observed at a molar ratio of 4. Further increases in the 

molar ratio obtained by decreasing carboxylated CNXL content resulted in a 

substantial decrease in the grafting yield and increase in the coefficient of variability 

(COV). This might be due to the loss of activated CNXLs,  already in very low 

concentration, during the ultrafiltration step before grafting. The increased COV 

supports this contention.  
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Figure 11. Extent of ssDNA grafted on carboxylated CNXL as a function of 
DNA/CNXLratio 
 

5.4 Determination of DNA Melting Temperature (Tm). 

Melting experiments on DNA double strands using UV absorbance take 

advantage of its hypochromicity to accurately determine the Tm at a given buffer 

concentration and base sequence. Here, a similar experiment was performed (see 

materials and method section) by heating double stranded DNA(single test)  above 80 

oC to determine the melting temperature of the DNA duplex. The melting curve 
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obtained from the experiment (Figure 12) showed that there was no sharp transition 

in the intensity of absorbance as the temperature was raised from 45 to 65 oC  (~3.3% 

increase ) although absorbance increased considerably (~17%) from 65 to 85 oC. This 

result suggests that DNA melting occurred over a range of temperatures in contrast to 

one particular melting temperature calculated by the vendor’s software. Also, the 

experimental results indicated that DNA melting was reversible since absorbance 

dropped when the sample was cooled at the same rate. We did observe a hysteresis 

(different absorbances at the same temperature while heating or cooling) in our 

melting curve which is typical for the DNA melting transition. Hysteresis is assumed 

to occur because of the slow rate in reaching true equillibrium for short strands in 

addition to the related kinetics of annealing between heating and cooling.  



 52

 
Temp, oC

40 50 60 70 80 90

A
bs

1.20

1.25

1.30

1.35

1.40

1.45

1.50

1.55

Heating

Cooling
dA = 21%

 
Figure 12.  DNA melting curve observed by heating duplexed DNA sample in 0.1 M 
PO4 buffer at 500 mM ionic strength from 40 to 85 oC at a rate of 2 oC/min. dA 
signifies the percent difference between the intensities of starting and maximum 
absorbances. 
 
5.5 Characterization of DNA-g-CNXL duplex. 

The DNA grafted CNXL duplex was characterized using AFM and DLS. DLS 

uses both phase and intensity fluctuations of scattered light from individual particles 

suspended in an appropriate solvent to determine their translational diffusion 

coefficient (D).121 The hydrodynamic radius of the particle is generally calculated 

using the Stokes-Einstein relation. Thus, this modeling equation for DLS assumes that 

the particles are spherical. The CNXLs are not spherical, but we used the DLS-derived 
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hydrodynamic radius of the equivalent sphere as a rough marker to determine the 

extent of agglomeration of the needle-shaped CNXLs. 

Solutions of CNXLs functionalized with complementary oligonucleotides were 

mixed and hybridized (duplexed) in 0.1 M phosphate buffer at 0.5 M ionic strength for 

12 hrs. The hydrodynamic size of CNXLs, carboxylated CNXLs, ssDNA-g-CNXLs 

and hybridized DNA-g-CNXL-duplex was determined by DLS. Hybridized DNA-g-

CNXLs dispersions showed a substantial increase in hydrodynamic size (particle 

diameter) when compared to ungrafted carboxy-CNXLs and ssDNA-g-CNXLs 

(measurements taken at 25 0C, Table 1). 

Table 1. Hydrodynamic size of CNXL, Carboxylated CNXL, ssDNA grafted CNXL, 
and DNA-g-CNXL duplex with their corresponding polydispersity at room 
temperature (25 oC) 
 
Particle Diameter (Dh) at 25 oC, nm Polydispersity (PD) 
CNXL 90-100 0.2-0.23 
Carboxy CNXL 120-130 0.198 
ssDNA-g-CNXL 140-158 0.198 
DNA-g-CNXL duplex 548-620 0.227 
 
5.6 Annealing experiment using DLS. 

 When hybridized, ssDNA grafted on CNXL forms a duplex with its 

complementary strand grafted on a different CNXL. Duplexed DNA serves the 

function of structural linker between CNXLs which in turn forms a self assembled 

mass that  increases the effective hydrodynamic size. This hybrid material should 

exhibit a type of thermoplastic behavior as its linker (DNA duplex) can be easily 

melted and reformed by alternate heating and cooling. The effective thermoplasticity 

of this hybrid material was studied by monitoring the changes in particle size and UV 
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absorbance (at 260 nm) during the entire event of melting (heating) and duplexing 

(cooling). We observed a melting behavior at higher temperatures, although not a 

sharp transition at 71 °C, as predicted by the vendor’s specifications. This “melting” 

was observed in the DLS by a reduction in particle size as the DNA-g-CNXL duplex 

dispersion was heated above its melting temperature (See detailed experimental 

scheme, Figure 13). Duplexed DNA-g-CNXLs were suspended in 0.1 M phosphate 

buffer with 500 mM ionic strength at 75 oC (note: maximum allowed temperature in 

DLS instrument is 75 oC) and then slowly cooled at a rate of 0.3 oC/min. The effective 

diameter of the duplexed particles was measured at 10 oC intervals using DLS. 

Measured particle size increased as the temperature was reduced from 75 to 45 oC 

(Figure 14). After 5 minutes, the temperature was again raised to 75 oC at 0.3 °C/min 

without removing the sample from the instrument, thus completing a full cycle of 

alternate cooling and heating (annealing). The particle size was observed to decrease 

as the temperature increased. This observation indicates that duplex formation and 

subsequent melting above the Tm of the DNA are reproducible.  
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Figure 13. Experiment started at 75 oC which is above the Tm of DNA. As the 
temperature was reduced (cooling) from 75 to 45 oC, the measured particle size 
increased significantly. After a small time interval, the temperature was again raised 
(heating) to    75 oC completing a full cycle of annealing. The effective hydrodynamic 
size of the duplexed material reduced significantly from ~1000 to 230 nm because of 
DNA melting. 
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Figure 14. Effect of temperature during heating and cooling on hydrodynamic size of 
duplexed DNA-g-CNXL measured using DLS.  

 

5.7 Annealing experiment using UV-Vis 

DNA melting and the corresponding change in hydrodynamic size of duplexed 

DNA-g-CNXL, demonstrated by DLS experiments was further confirmed by UV-Vis 

studies. Equal masses of ssDNA-g-CNXLs, complementary to each other, were mixed 

together and diluted in ~ 5 mL of 0.1 M phosphate buffer, 500 mM ionic strength 

(adjusted with NaCl) in order to adjust the UV absorbance at 260 nm to ~1. The 

sample was hybridized at 40 oC overnight and transferred to a quartz vial for thermal 

analysis using a CARY-100 Bio UV-Vis spectrometer (see experimental section). The 
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sample was heated from 45 to 85 oC and then cooled down to 45 oC at the same 

rate. The temperature program followed was the same as that used in determining the 

Tm of the DNA duplex which is mentioned in the experimental section. A control 

experiment was also performed by heating and cooling ssDNA-g-CNXL dispersions. 

Since there are no complementary strands, ssDNA-g-CNXL should not exhibit a 

melting curve (Figure 15). 
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Figure 15. Effect of heating and cooling on absorbance (at 260 nm) of duplexed 
DNA-g-CNXL and ssDNA-g-CNXL measured using UV-Vis.  

 

The duplexed DNA-g-CNXL sample showed a considerable increase in the 

intensity of absorbance (at 260 nm) from 65 to 85 oC (17.8% increase from initial 
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value), although there is no sharp transition at 71 oC.  The result is consistent with 

the DLS results. The results from this experiment confirmed the thermoplastic 

behavior of the duplexed DNA-g-CNXL hybrid material, as it can be melted and 

reformed by alternate heating and cooling. It is also clear from these results that 

ssDNA-g-CNXL has no melting curve (see Figure 15) which was expected. 

 

5.8 Atomic Force Microscope (AFM) analysis. 

 The morphology of the self-assembled DNA-g-CNXL duplex dispersion was 

examined using AFM in tapping mode on dried dispersions. Typical images (Figure 

16 B-D) indicated that duplexed DNA-g-CNXLs formed branched structures whereas 

much looser and randomly distributed CNXLs were observed in the images of control 

experiments with ungrafted or ssDNA-g-CNXLs (Figure 16A). The formation of 

bonded structures is evident from the AFM images. 

 It was expected that DNA-g-CNXL should tend to  bond side to side and 

indeed, this was observed in some of the samples (Figures 16B and D), although both 

bonding schemes(side to side and end to end) appeared to be always present to some 

extent.  However, one AFM image indicated the tendency of the DNA-g-CNXLs to 

bond end-to-end while duplexing (Figure 16C). This curious behavior was puzzling 

and suggests further research is needed on this system. The side-to-side bonding is 

expected due to the grafting frequency of the DNA oligomers on the CNXL surface. 

For example, at a grafting yield of 20 µmol DNA/g CNXLs, and an estimated CNXL 

size (6.5 X 6.5 X 140 nm) obtained from the section analyses of AFM images, there 

should be 114 DNA molecules grafted on one average sized CNXL (assuming a 
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cellulose density of 1.6).122  This accounted for an average spacing of 5.7 nm 

between grafted DNA molecules on the CNXL surface.  To our knowledge, the exact 

shape of a CNXL has not been determined.  However, we do know that they are 

crystalline.  If we assume a CNXL is made of unit cells of the cellulose crystal, CNXL 

should be slightly rectangular (monoclinic for the Iβ form) in cross section. Since our 

graft spacing of 5.7 nm is approximately the width of the CNXL as measured by 

AFM, there should be, on average, a single row of DNA molecules on each side of the 

CNXL at an average of ~6 nm apart. This is a small percentage (1.4%) of the available 

grafting sites. 

The end-to-end bonding may also be an artifact of the isolation procedure, since the 

imaged formations were dried from their aqueous dispersions. This behavior of 

hybridized DNA-g-CNXLs bears additional investigation. 

To further investigate these images, section analyses of AFM height images 

were performed. Since tip artifacts complicate the measurements of these roughly 

cylindrically-shaped nanoparticles,117,123 only height is reported. Width measurements 

are badly compromised by the tip artifacts since the width (~ 7 nm) is much smaller 

than our typical tip radius (~10-20 nm depending upon the time in use). Section 

analyses of the CNXL lengths of the various populations showed high variability and 

distribution which did not appear to fit the normal, or any other, distribution.  
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Figure 16. AFM phase images of (a) ssDNA functionalized CNXLs on cleaved mica 
surface; (b) – (d) typical images from four different self-assembled samples.  These 
are typical images from four different self-assembled samples. Note varying 
magnifications in the different images. 
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This could be due to the fact that we have used CNXLs from different 

batches prepared by different persons. Our experience is that CNXL width (height in 

the AFM) has relatively low variability compared to length on a batch-to-batch basis. 

The diameter (height in the section analysis) comparisons suggested that CNXLs 

functionalized with ssDNA have an average thickness ~ 1 nm larger than carboxylated 

CNXLs (Figure 17). This indicates that the DNA oligomers do not extend from the 

surface, but are lying flat on the surface.  This would be expected if surface forces 

predominate to bind the DNA to the CNXL surface.  It also shows that the DNA graft 

is not so crowded that there is no space for the DNA to extend horizontally on the 

surface.  

In strong contrast to the carboxylated CNXLs and the ssDNA-g-CNXLs, a 

wide distribution of heights with a preponderance of higher values, approximately 

double those of the carboxylated CNXLs or ssDNA-g-CNXLs was observed in 

duplexed DNA-g-CNXLs.  This observation supports the DLS data, confirming the 

formation of duplexed agglomerates of DNA-g-CNXLs. 
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Figure 17. Comparison of diameters, or heights, of carboxylated CNXLs, 
ssDNA-g-CNXLs and duplexed DNA-g-CNXLs by AFM section analysis. 

 

 This initial study sets the stage for further utilization of DNA to 

provide ordered structures of CNXLs with the potential to serve a variety of 

applications, most notably as scaffolding for tissue engineering applications. 
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CHAPTER 6   Conclusions 

 The FTIR results indicated that CNXLs were sucessfully carboxylated  

using a well established  TEMPO mediated oxidation technique and the resulting 

carboxylic functionality was utilized to creat a linkage between amino-modified 

ssDNA oligomers and the  CNXL surface. The available experimental data suggests 

that ssDNA strands were not adsorbed on the CNXL surface due to non-covalent 

interactions such as van der Waal’s forces. The UV-Vis melting curve of DNA-g-

CNXL hybrid material showed that ssDNA grafted onto the CNXL substrate was still 

available for duplexing to form assembled CNXL structures through hydrogen 

bonding between complementary DNA base pairs. Complimentary strands of DNA, 

bonded to separate populations of CNXLs were hybridized under suitable conditions 

and the resulting DNA duplex facilitated the formation of  bonded structures of 

CNXLs. The DLS and UV-Vis data indicated that these DNA-directed bonded 

structures of CNXLs were formed and redispersed spontaneously by controlling the 

temperature  of this material above and below the Tm of its structural linker (DNA)  

Supporting data for the formation of the DNA-g-CNXL structures were acquired by 

characterizing the morphology of its dried dispersion using AFM.  AFM images of the 

DNA-g-CNXLs confirmed that CNXLs can be fabricated into two dimensional (and 

potentially three dimensional) architectures by controlling the base pair interactions of  

complementary single stranded DNAs grafted to the CNXL surface. This study proved 

the concept of nanoscale bottom-up construction of CNXLs into functional structures 
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and might find potential applications in tissue engineering, biosensing devices and 

biocompatible nanocomposites. 

 This study sets the stage for further work incorporating other 

bio-nanoparticles with similar surface chemistries to CNXLs. For example, a collagen 

nanoparticle/CNXL hybrid material formed through DNA mediated self assembly may 

potentially find application in tissue engineering and cell/device-interface based 

technologies. This hybrid material may inherently possess essential features of 

scaffolds such as biocompatibility, capability to harbour cell growth factors, specific 

amino acid sequence that can help adhesion of cells,  comparable mechanical 

properties with conventional scaffolds and a well oriented cell structure.  
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APPENDICES 

A1. Determination of Ideal Buffer system for DNA hybridization 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The 

percentage drop in UV absorbance at 260 nm, when two complementary strands were 

mixed under ideal buffer condition and temperature was used for determining the 

effectiveness of hybridization buffer. Here, three different buffer systems were used 

for hybridization experiment,  performed at room temperature (25 C). Drop in 

absorbance was calculated from the average absorbance of ssDNA-1 and ssDNA-2 

which are complementary to each other. Phosphate and TRIS buffer showed an 

absorbance drop ~14% while MES buffer showed ~9%. Phosphate buffer system was 

used for the entire hybridization 

o

experiments in order to avoid the interference of   

primary amines present in TRIS buffer during EDC coupling.  
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A2. AFM phase image of self assembled DNA-g-CNXL duplex
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A3. AFM phase image of self assembled DNA-g-CNXL duplex
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 A4. Dispersion of a) ssDNA-g-CNXL, b) DNA-g-CNXL duplex, and                             
c) carboxylated CNXL  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Note: Experiments were carried out using a 78mer single stranded oligonucleotide 
during the initial stages of this project.  
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