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Nanotechnology is one of the fastest growing sectors of the economy, both in the 

United States and globally.  The development of novel electronic devices and consumer 

products that take advantage of the unique properties of engineered nanomaterials will 

inevitably lead to their release in the environment from intentional disposal, or non-point 

release throughout each product’s life cycle.  A nanomaterial of particular interest is the 

single-wall carbon nanotube (SWCNT).  Published data on the potential for SWCNTs to 

have negative biological effects on aquatic organisms has been conflicting, likely due to 

the heterogeneous nature of SWCNT powders.  The goal of this dissertation was to 

elucidate potential differences in biological response of test organisms based on the 

electronic character of a variety of SWCNT types. 

A mechanistic study was completed to better understand the forces that drive the 

separation of SWCNT species by electronic type through selective adsorption on 

hydrogels. It was determined that ion-dipole interactions between surfactant stabilized 

SWCNTs and measured dipoles on the hydrogel surface are responsible for nanotube 

retention in these systems. Insights from the mechanistic study were used to 



 

13 

understand how slight changes to the separation protocol, specifically the hydrogel used 

in separation, and initial concentration of SWCNT suspensions can be altered to 

optimize the selectivity, reproducibility, and throughput of the separation.  Optimized 

process settings were then used to obtain SWCNT fractions of sufficient purity for use in 

toxicological analysis.  Using a simple bench scale bioassays, it was determined that 

the semiconducting SWCNT species was much more toxic than their metallic SWCNT 

counterparts.  Therefore, the toxicity observed in studies using as produced SWCNT 

powders is driven by the presence of the semiconducting species in the sample.  

Furthermore, the results highlight the importance of understanding the potential toxicity 

induced by dispersants commonly used in SWCNT process as a driver for toxicity 

response, as opposed to that of the SWCNTs themselves.  

Finally, these results are a foundation for future work toward the development of 

simple bench scale test with carbohydrate-containing hydrogels to be used in as an 

initial screening approach and predictor of SWCNT toxicity when released into aquatic 

systems.      
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CHAPTER 1 
INTRODUCTION: RESEARCH OVERVIEW AND DISSERTATION ORGANIZATION 

 
1.1 Problem Statement 

Nanomaterials (NMs) are operationally defined as any material with at least one 

dimension of 100 nm or less. These NMs vary greatly in size, shape, composition, and 

include both organic and inorganic particles. NMs can be further divided into three 

subcategories (i) natural; (ii) incidental; and (iii) engineered.1 Naturally occurring NMs 

are produced in the environment through traditional earth processes and may be 

millions of years old, e.g. nano-diamonds.2 Natural NMs have been found in sediments 

along the Cretaceous-Tertiary boundary in Italy3 and ice cores in Greenland.4  Incidental 

NMs are those produced as byproducts of industrial processes or applications not 

designed to manufacture NMs. Finally, engineered NMs, referred to as nanoparticles 

(NPs) herein, are produced through a defined synthesis or production process for a 

specific use or purpose.    

Over the past two decades, the research and development of NPs has become a 

major growth industry. The promises and possibilities of NP research include, but are 

not limited to, lighter/stronger building materials, increased data storage capabilities, 

biomedical treatment applications, environmental and agricultural application, and 

manufacturing of much smaller and more powerful electronic devices. As researchers 

continue to expand their knowledge base, as well as develop and refine current 

production methods, new uses for NPs are being discovered.  According to the “Project 

on Emerging Nanotechnologies”, there are over 1,600 consumer products available in 

30 different countries that utilize nanotechnology.5  During 2009, the revenue generated 

from the sale of these nanotechnology-based products was $1,545 million dollars, and 



 

15 

is expected to rise to $5,335 million dollars by 2015.6 The U.S. National Science 

Foundation (NSF) estimates that about 2 million workers will be needed to support the 

growth of the nanotechnology industry.7 

As NP production and inclusion in consumer products continue to rise, the risk 

for these new materials to enter and cycle through the environment also rises.8   

Potential pathways include intentional release through wastewater disposal or land-

filling, or nonpoint release throughout the products life cycle, leading to a new class of 

manmade nanosized environmental toxins.9  While the greatest portion of money spent 

on nanotechnology research has been used for the development of new manufacturing 

techniques and applications of NPs, money is now being spent on research focusing on 

the environmental fate, transport, and toxicological implications of NPs. One major 

obstacle is the lack of analytical technology to accurately identify and quantify NPs in 

complex matrices characteristic of most environmental and biological samples.  

An improved understanding of NP fate and transport will likely lead to regulations 

regarding their release into the environment. Although the effects of these potentially 

toxic NPs on both the environment and human health remain largely unknown, they are 

yet to be regulated at the federal level in the U.S. and in Europe.10  A great deal of 

research into NP fate and transport still needs to be done in order for regulatory 

agencies such as the U.S. Environmental Protection Agency (EPA) to establish 

guidelines for their use and release into the environment. This task becomes 

exceedingly difficult due to the wide variety of NPs currently produced, and their 

potential to cycle through the environment in different ways depending on synthesis and 

stabilization techniques. 
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It is now well established that all NPs have the potential to enter the environment. 

However, in this dissertation, a special emphasis is placed on single-wall carbon 

nanotubes (SWCNTs) due to their anticipated widespread production and use in 

industrial settings. Additionally, the use of SWCNTs in industrial applications requires 

the use of surfactants to obtain ideal dispersions and increase the stability of produced 

suspensions.  

The ultimate goal of this study is to develop an understanding of the fate, 

transport, and environmental impacts of SWCNTs in natural aquatic systems based on 

a comprehensive investigation of the different interaction forces between SWCNTs and 

their surrounding environments.  

1.2 Organization of this Dissertation 

In addition to this introductory chapter (Chapter 1), this dissertation includes 5 

chapters which are organized as follows.   

The current state of knowledge based on literature review of SWCNT synthesis, 

stabilization, characterization, processing, and potential toxicity is summarized in 

Chapter 2.  This chapter highlights knowledge gaps in the current understanding of how 

SWCNTs impact the environment, with particular emphasis on the role of SWCNT 

purification and separation processes on toxicological evaluations.  

Chapter 3 details the results of a mechanistic study on the separation of Sodium 

Dodecyl Sulfate (SDS)-suspended SWCNTs into distinct fractions by their electronic 

character using agarose gels. The results presented in this chapter have been 

published in the Journal of the American Chemical Society.11  

Chapter 4 is an extension of the work presented in Chapter 3.  Here, laboratory 

studies were conducted to evaluate how the purity, reproducibility, and throughput of the 
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separation process is affected by altering common separation parameters including 

packing material used in separation, initial sample concentration, and column lifetime. 

Chapter 5 explores the biological implications of these newly- developed 

separation techniques as well as how initial processing parameters of SWCNT 

suspension preparation including surfactant stabilization and exchange affect biological 

responses. 

Finally, general conclusions summarizing the key finding of this study, as well as 

future research avenues are presented in Chapter 6. 
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CHAPTER 2 
SINGLE WALL CARBON NANOTUBES: PROCCESSING AND TOXICITY 

 
2.1 Characteristics and Structure 

In general, SWCNTs are part of the fullerene family, a third allotropic form of 

carbon.  Many theoretical and practical applications for SWCNTS have been proposed 

due to their incredible physical properties.12  The simplest way to envision a SWCNT is 

the rolling up of a thin graphite sheet that is only one atom thick throughout.  

Furthermore, the angle at which this graphite sheet is rolled gives the resulting SWCNT 

certain characteristics which can be described by the unit vectors (n,m).  These angles 

or chiralities are of three classes: armchair, zig-zag, and chiral.  Using this system, all 

nanotubes with an m=0 designation are zig-zag, while nanotubes where n=m are 

armchair.  When the difference between the unit vectors is a multiple of three, the 

SWCNT is considered metallic with zero band gap, while all other SWCNTs are 

semiconducting with a finite band gap.13  Figure 2-1 shows the various angles and 

resulting SWCNT configurations.  For example, in order to produce a metallic SWCNT 

with a structure (6,3) the graphite sheet would be rolled in such an angle that the atom 

labeled (0,0) would be superimposed on the (6,3) atom.  

Regardless of their electronic configuration, SWCNTs share similar properties. 

Typically, SWCNTs can range in diameter from roughly 0.4 – 2.5 nm, while lengths are 

much more variable, ranging from the nanometer range to several micrometers.14-17 

Ideally, all SWCNTs contain only carbon atoms. SWCNTs have unique size-related 

characteristics such as strength, elasticity, adsorption capacity, volume to surface area 

ratios, and controllable conductivity which make them attractive for industrial 

applications and incorporation into several commercial products. The low size/strength 
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ratios of SWCNT’s have been utilized commercially to produce lighter and stronger 

sporting equipment, as well as increase fuel efficiency of automobiles and aircraft. Both 

theoretical calculations and bench studies have shown that SWCNTs have a tensile 

strength roughly 100 times stronger than common steal.  As such, SWCNTs have been 

added to a variety of industrial produced materials including cement,18 and carbon 

fiber19 to increase their mechanical strength.  Also, the electronic properties of SWCNTs 

have potential for use as selective probes, sensors, energy storage, and field emission 

devices.12  Furthermore, continued research on conductive SWCNT may lead to the 

development of nanoscale electronic devices previously thought impossible due to the  

failure of conventional metal wires to conduct current at such small sizes.20  

2.2 SWCNT Synthesis 

While the synthesis of SWCNTs is still a continually evolving process, any 

synthesis method must include i) a source of carbon, ii) a heat source, and iii) the 

presence of a metal catalyst.21  Unfortunately, metal catalysts are a necessity for the 

synthesis and production of SWCNTs.  These can include iron (Fe), nickel (Ni), cobalt 

(Co), molybdenum (Mo), and a range of other metals.22 While essential to their 

production, catalytic metals are usually abundant in unpurified SWCNTs.22   

Currently, the three most widely used SWCNT synthesis methods are Arc 

Discharge, Laser Ablation, and Chemical Vapor Deposition (CVD).  Arc Discharge 

techniques use two graphite rods, each functioning as both electrodes and carbon 

source. SWCNTs are produced through the evaporation of the graphite anode. A higher 

percentage of SWCNTs are produced through varying the location of the metallic 

catalysts within the system.23 During Laser Ablation, the carbon source is vaporized by 

a focused laser in the presence of a high temperature inert gas. The resulting SWCNTs 
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can be tuned to desired diameters by varying the gas flow rate, temperature, and the 

type of metallic catalysts 24-27.  CVD processes rely on the heating of metallic substrate 

at temperatures between 900-12000C, as hydrocarbon vapor is introduced.21,28  While 

the synthesis mechanisms are debated in the CVD process, it is generally agreed that 

the catalytic decomposing of the precursor gas is followed by saturation of carbon within 

the metal catalyst resulting in CNT growth.29 As the interest in SWCNT use in 

commercial applications has increased, researchers have recently begun to study 

alternative production methods. One such method is HiPco, a type of CVD process that 

can be scaled up to the industrial level producing a large amount of usable SWCNTs.30  

The HiPco process has become the most favored synthesis technique as it produces an 

exceedingly high percentage of SWCNTs (over 70%) with extremely tunable diameters 

based on the pressure of the carbon monoxide feedstock.31 Other groups have begun to 

synthesize SWCNTs using a flame heat source. This technique theoretically could 

produce large amount of SWCNTs at a fraction of the cost once refined.32 

2.3 SWCNT Stabilization 

At the nanoscale level, fundamental interactions are governed by electrostatic 

and van der Waals forces.  After entering a charged environment, hydrophobic 

SWCNTs tend to quickly bundle or aggregate to achieve the most energetically stable 

conformation33. This characteristic is problematic as the majority of applications require 

very well, if not individually dispersed SWCNTs.  In order to overcome these attractive 

forces in aqueous environments, researchers have used two different techniques to 

improve SWCNT dispersion and stability. The first technique utilizes a variety of 

chemical reactions in an attempt to increase the number of hydrophilic groups on the 

surface of the nanotubes, thereby increasing their solubility 34-36.  However, subsequent 
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studies have demonstrated that these chemical manipulations may alter many of the 

SWCNT intrinsic properties37,38.  The second stabilization option adopts a physical 

approach whereby the nanotubes are separated using stabilizing agents or surfactants.  

Surfactant molecules are chosen for their amphiphillic qualities, the combination of both 

hydrophobic and hydrophilic groups within the same molecule.33  The hydrophobic ends 

of these molecules interact with the surface of the nanotubes, while the hydrophilic 

zones interact with the polar environment, shielding the nanotube from the overall 

aqueous environment and each other. These sorption reactions do not chemically alter 

the surface of the nanotubes, preserving their beneficial characteristics.   

A wide range of surfactants have been used in attempts to stabilize SWCNTs 

including organic polymers39,40, various ionic solvents such as sodium dodecyl sulfate 

(SDS)41,42 and sodium dodecylbenzene sulfonate (SDBS) 43, and organic solvents44.  A 

recent comparative study using both UV-Vis and fluorescence spectroscopy determined 

that the ionic surfactant sodium deoxycholate (DOC) and organic solvent carboxymethyl 

cellulose (CBMC-250k) created the most stable dispersions of SWCNTs among the 

many tested.45  The continued development of stabilization techniques will undoubtedly 

increase the number and different physical forms in which SWCNTs would potentially 

enter natural aquatic systems. It is therefore critical to note that SWCNTs may cycle 

through the environment differently based on specific surfactant-induced modifications 

and the resulting stability of obtained suspensions. 

2.4 SWCNT Characterization 

While both the methods of synthesis and stabilization of SWCNTs are important 

factors to consider when predicting their potential adverse environmental effects, the 

characterization of the both raw SWCNTs, and stabilized suspensions is equally 
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important.  The ability to adequately characterize pristine SWCNTs, as well as to track 

structural changes as they move through natural systems is critical to any study, as 

structural changes can be linked to possible environmental responses. Several optical 

techniques have been used to characterize both raw SWCNTs, and aqueous 

suspensions. 

The first such technique utilized by many researchers is Raman Spectroscopy. 

Raman Spectroscopy is an effective tool to characterize both individual and bundled 

SWCNTs. Figure 2-3 shows a typical Raman Spectra for unpurified SWCNTs 

purchased from an industrial supplier.46 The spectra can be broken down into three 

distinct sections, the Radial Breathing Mode (RBM), the D-band, and the Tangential 

Modes or G-Bands. Each region of the spectra can be used to extract important 

structural and electronic information on the SWCNTs being studied 

The RBM can be found at wavelengths between 120 and 250 cm-1 (ω) and can 

be related to the diameter of the particular SWCNTs (dt) through Equation 1-1;  in which 

constants  A and B vary based on the substrate used during analysis, as well as the 

aggregation state of the SWCNTs.47 Parameter values can vary from 234-248 for A, and 

0-10 for B.   

ω(RBM) = 
 

   
                                           (1-1) 

Constant values become much more influential for diameters significantly smaller than 1 

nm and larger than 2 nm.  The largest resulting peaks in the Raman spectra of 

SWCNTs can be found in the tangential modes or G-Bands. The G-Bands are found in 

the range of 1550 to1600 cm-1 and can include up to 6 different individually resolved 

peaks. The most intense peak in this series is labeled G+, while the next intense peak is 
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labeled G-.  In general, the G- band has a very broad line shape in the presence of 

metallic SWCNTs. Samples containing a high proportion of semiconducting tubes will 

result in a small G- band, but a very sharp G+ band.  A metallic- like G-band in the 

presence of only semiconducting SWCNTs can help identify the presence of metallic 

impurities remaining in the system.47 Finally, the smallest of the three regions identified 

is the D-band, found in a range of 1300 to1400 cm-1.  D-Band peaks should have an 

intensity no larger than 1/100 of the G-Band. In several cases, large D-Band signatures 

have been used to detect large amounts of amorphous carbon in the sample.46 Using 

information gathered from each region of a typical SWCNT Raman spectrum can help 

characterize the studied sample. 

Another technique commonly used to characterize SWCNT suspensions in 

aqueous media is photoluminescence (PL) and photoluminescence excitation (PLE).  

O’Connell et al. found that individually suspended SWCNTs in an aqueous surfactant 

solution have very large fluoresce intensities in the 800-1600 nm range. Furthermore, 

the same batches of SWCNTs have a similar signal, only varying in individual peak 

intensity as the surfactant solution is modified.48  Subsequent studies have found that 

each individual peak in these PL spectra is representative of a particular SWCNT 

structure (n,m) present in the suspension.49 Figure 2-3 shows a spectrum of well- 

dispersed SWCNTs in a 1 wt % SDS solution. Both PL and PLE spectra have been 

used as a tool to determine the stability and dispersion of SWCNT suspensions.  A loss 

of intensity coupled with a broadening of individual peaks demonstrates the formations 

of aggregates within the suspension. Suspensions are commonly rerun and compared 

with original optical spectra to detect changes in dispersion through time.  It is also 
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important to recognize that, during SWCNT suspension preparation, a significant 

amount of bulk SWCNTs are not sufficiently stabilized and are discarded after 

centrifugation.  As a result, the final concentration of SWCNTs in solution must be 

calculated after suspension preparation. This calculation can be easily done by 

following a modified version of Beer’s Law developed by Moore.41 Using an extinction 

coefficient of 0.043 and the UV-Vis absorbance reading at 763 nm, SWCNT 

concentrations within the suspension can be calculated. Typically concentrations can 

range 15-30 ppm.  

While optical methods are very common during SWCNT experimentations, visual 

methods are also widely used, particularly Scanning Electron Microscopy (SEM) and 

Transmission Electron Microcopy (TEM) imaging.  Both SEM and TEM images are used 

extensively by toxicologists to detect obvious structure changes to SWCNT surfaces 

after interaction with a test organism.50,51   

2.5 Post Suspension Processing  

While the potential for the development of novel products that take advantage of 

the unique properties of SWCNTs is nearly limitless, widespread production of these 

products has been lacking due to the heterogeneous nature of as produced SWCNT 

powders, containing SWCNT species of different electronic type, diameter, and length. 

Advancements in the HiPco synthesis process have allowed for production of SWCNTs 

with very narrow diameter distributions.14,15  However, there remains great variability in 

the length of the produced SWCNTs ranging from a few hundred nm to several hundred 

m.  As a result, inclusion of as produced SWCNTs into novel electronic devices is 

challenging. Thus, time consuming, and costly post synthesis processing steps are 
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needed to produce SWCNT fractions of discrete length and diameter.  One of the most 

effective methods for length separations of as produced SWCNTs has been Size 

Exclusion Chromatography (SEC) using porous silica beads.52  Other methods for 

SWCNT length separation include field flow fractionation,53 ultracentrifugation,54 and 

selective precipitation.55  

Another obstacle for the development of novel electronics using SWCNTs is the 

inclusion of both m- and s-SWCNT types in as produced batches.  Manufactures desire 

very pure fractions of m-SWNTs to conduct electricity, and s-SWCNTs with well-defined 

band gaps for use as switches. A variety of methods have been developed to separate 

SWCNT suspensions by electronic type, each with variability in purity, efficiency, and 

cost.  These methods include Density Gradient Ultracentrifugation (DGU),56,57 gel 

electrophoresis,58,59 selective oxidation,60,61 or selective wrapping with a variety of 

molecules.62-64  While each of these methods are effective at separating m- and s-

SWCNT fractions, they are all limited on an industrial scale due to equipment needs and 

associated cost. The most promising method for the large scale separation of SWCNT 

by electric type has been the selective adsorption on hydrogels pioneered by Kataura 

and coworkers.65-67 In this method, SWCNT stabilized with SDS are passed through 

columns packed with either dextran or agarose.  After injection, m-SWCNT elute 

isocraticly with a 1 wt % SDS solution.  s-SWCNTs are only eluted from the system 

once the eluent is changed to high concentrations of SDS (>3 wt %) or a bile salt such 

as sodium cholate (SC) or sodium deoxycholate (DOC).  While this method is highly 

effective, little is currently understood about the driving forces of separation and 

selectivity.   Advancements to this method have begun to result in diameter separations 
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using co-surfactant solutions,68 and single chirality fractions of s-SWCNTs69 through the 

use of temperature70 or pH modifications.71  

2.6 SWCNT Toxicity 

After examining the physicochemical changes possible from the release of 

SWCNTs into the environment, the next step in a risk assessment framework is 

establishing the potential toxicity these particles may cause through their transport and 

interaction with organisms.  While there has been a great deal of work done on the 

potential toxicity of NPs in the environment, there is still confusion as to their ability to 

cause serious threats to living organisms.72-76  For instance, based on experimental 

data available in the literature, one set of studies might point to the severe acute and 

chronic toxicities of a particular NP while similar studies by different research groups do 

not lead to the same conclusions. Assessing the potential toxicity of NPs in the 

environment becomes even more difficult when the large variety of surface 

modifications and chemical surfactants used to increase NP suspension in aqueous 

media are taken into consideration.  Although one can point to several reasons for the 

above mentioned contradictory results, it is likely that the lack of standardized 

methodologies for these emerging contaminants plays a significant role. Furthermore, 

the variability in the character of as produced SWCNT materials (i.e, stabilizing agents, 

length, diameter, electronic type, etc.) adds complexity to any toxicological assessment.   

With no agreement amongst toxicologists on how to test the potential consequences of 

organism’s exposure to NP, different research groups are left to determine which 

traditional test best fits their needs as well as what initial SWCNT material to use in their 

studies.  In some cases, it is possible that some of the traditional toxicity methods might 

not be adequate for NMs.   
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The following is an attempt to summarize relevant information that is currently 

available in peer reviewed literature on the toxicity of SWCNTs. 

2.6.1 Cytotoxicity    

When considering the potential impact of NPs on organisms and ecosystem 

functions, one of the first risk assessment tools is toxicity screening with both model test 

organisms and mammalian cell lines.  The literature on the cytotoxicity of SWCNTs is 

abundant, and varies in both its results and reported mechanisms of toxicity. Most 

studies agree that SWCNTs have antimicrobial properties, with the active mechanism of 

toxicity being the production of reactive oxygen species (ROS.)77  However, other 

research suggests that while high purity SWCNTs are antimicrobial, the mechanism of 

toxicity is direct contact of SWCNTs with the cell membrane resulting in puncture and 

destruction.78  The diameter of SWCNTs used also has an effect on the antimicrobial 

properties.79  The cylindrical shape of SWCNTs may also contribute to their 

antimicrobial activity as they were found to be the more toxic to commonly found 

bacteria in wastewater streams when compared to other fullerene structures.80  Other 

studies indicated that while physical parameters influenced antimicrobial activity, the 

driver of the toxic response was actually the electronic nature of the SWCNTs.  Test 

using E. Coli as a test organism have found m-SWNCTs to be much more toxic than 

their s-SWCNT counterparts.81  It appears that SWCNTs will have a strong antimicrobial 

effect after entering the natural environment.  At the same time, the antimicrobial 

property of SWCNTs may be harnessed to develop antiseptic surfaces. 

Several studies have also been conducted with a variety of mammalian cell lines 

to evaluate the potential toxicity of SWCNTs with particular interest in development of 

biomedical applications and drug delivery systems.  For example, studies using different 
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SWCNTs and preparation techniques demonstrated significant inflammation in mice 

lungs.82-84   Other studies utilizing cell lines from rat livers found that SWCNT induced 

no toxic response unless they were stabilized with a known toxic surfactant, as 

surfactant identity played a major role in the observed biological responses.85  Similar 

results using mice macrophages have also been published, demonstrating that SWCNT 

dispersed with non-toxic surfactant do not cause a negative biological response.86  The 

authors did state that while the surfactants had no effect on the toxicity results, there 

were significant differences to the optical properties of the dispersed SWNCTs base on 

surfactant used in stabilization.86  While surfactant stabilizers play a role in potential 

toxicity, other studies suggest the unique shape of SWNCTs may allow for cell 

membrane puncture and increased toxicity. In a comparative study using the P12 Cell 

line derived from male rats, acid-washed SWCNTs showed increased toxicity over 

graphene counterparts, although both produced significant ROS in dose response 

studies.87  Again, this brief review of cytotoxic effects of SWCNTs demonstrates the 

need for a well-defined procedure when studying the biological impacts of NPs as the 

level of purification and stabilization techniques plays a major role in their potential 

toxicity. 

 

2.6.2 Aquatic Organisms 

It has been documented that the aquatic environment will function as a primary 

sink for SWCNTs due to the large amount of research conducted on making them well- 

suspended in aqueous solutions for industrial applications.  Studies using the 

freshwater green algae Pseudokirchneriella subcapitata as a test organism have found 

that water chemistry parameters greatly affect the biological response of this organism 
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when exposed to SWCNTs. Youn et al. demonstrated that toxic doses of surfactant 

dispersed SWCNTs could be mitigated with either a high concentration of gum arabic 

(GA) or by increasing the concentrations of natural organic matter (NOM) in the culture 

media88  A more recent study has shown that ionic strength and pH do play a major role 

in SWCNT mobility in natural waters, and found that the toxicity of SWCNT is driven by 

their photo-activity and subsequent ROS generation and not toxic metal impurities as 

suggested by others.89  

The water flea Daphnia magna is also a common test organism used to evaluate 

the potential toxicity of SWCNT released in aquatic environments.  Roberts et al. found 

acute toxicity of SWCNT only when concentrations were much higher than those that 

would enter the natural environment90, while Kim et al. showed that a combination of 

these SWCNTs with soluble copper commonly present in the water magnified their 

toxicity.91  The effect of SWCNTs on D. magna is also affected by the stabilization 

method used in SWCNT suspension preparation, with significant differences found 

between suspensions prepared with non-covalent stabilizer (i.e. surfactant) and 

functionalized sidewalls.92 

Both rainbow trout and zebra fish have been used in a variety of studies to 

assess the impact of SWCNT on aquatic vertebrates.  These studies have resulted in a 

wide range of responses based on the characteristics of the initial SWCNT suspensions 

and life cycle of the test organism.  Recent research has shown that direct injection of 

SWCNT suspensions into adult zebra fish activates the organism’s immune response,  

but does not result in immobility or mortality.93  However, previous studies have shown 

that other SWCNT suspensions have delayed hatching of zebra fish embryos, even 
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when 90% of metallic impurities were removed.94  Studies using rainbow trout as test 

organism are just as conflicting.  Early research suggested that SWCNTs act as a 

potential respiratory toxin to rainbow trout, but also raised other major questions 

regarding the SWCNT’s potential neurotoxicity with long term effects on the cell cycle.95  

However, other studies have shown that at the anticipated environmentally relevant 

concentrations (0.25 mg/L)  of SDS-SWCNTs show no inhibition of adult rainbow trout 

over a 10 day exposure period.  The result of each of these studies further highlight how 

a lack of standardization in the toxicity evaluation process for SWCNTs causes 

confusion about their potential harm if introduced to natural environmental 

compartments.      

 
2.6.3 Human Cell Lines 

While significant work has been done attempting to quantify the risk of SWCNT 

release into the environmental, the potential effects to human health are also of 

concern.  Risk assessment of human exposure to SWCNTs has been completed on a 

variety of cell lines, particularly human lung cells as initial fears linked SWCNT structure 

with asbestos, raising concern for exposure of laboratory personal during SWCNT 

synthesis. Chromosome damage at low SWCNT doses has been reported on human 

epithelial cells,96 while other studies using A549 human lungs cells resulted in little to no 

acute toxicity, needing concentrations of nearly 800 μg/mL SWCNT to record an 

adverse biological response.97  Other researchers have found that surface oxidized 

SWCNTs from acid washing are much more toxic to epithelial cells than suspensions 

made from the same material without acidic purification.98  Most troubling, some 

researchers have suggested that negative effects attributed to direct SWCNT exposure 
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may be incorrect.  The observed response may be a byproduct  of the SWCNTs 

inducing changes in the cell culture medium misrepresenting their toxicity.99  Once 

again, the results of these studies have been inconsistent as there is no standard 

procedure for toxicity analysis.   

A variety of other human cells lines have been used in the risk assessment of 

SWCNTs.  Increases in ROS have been seen in human intestinal cells at doses over 

100 ppm, much higher than would be expected in any real world scenario.100  However, 

toxicity has been reported in human astrocytoma cells at concentrations as low as 0.5 

ppm, but this effect may have been caused by the use of surfactants including SDS and 

SDBS, with known cytotoxic characteristics.101  Other studies using human 

keratinocytes have shown that  acid purified SWCNTs devoid of metallic impurities are 

create much less toxicity than the same SWCNTs that have not been purified.102   

2.7 Remaining Questions and Research Goals  

It is clear that the potential harm of SWCNT release to environmental systems is 

controversial.  A summary of results currently available in the peer reviewed literature 

shows a lack of consensus, primarily due to the absence of unified and standardized 

toxicity assays specific to these emerging NP contaminates.  Furthermore, studies that 

have reported a toxic response to test organisms exposed to SWCNTs lack consistency 

in the reported mechanisms of toxicity citing the production of ROS, membrane 

puncture, and DNA damage, to name a few. In addition to the lack of an adequate 

methodology for toxicity testing, the variability seen in published data on the toxicity of 

SWCNTs may also be explained by the heterogeneous nature of the initial SWCNTs 

suspensions used in these different studies. These observations suggest that in some 

cases, true cross-study comparisons are not possible as all SWCNT suspension do not 
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have the same properties. For instance, several SWCNT suspensions prepared using 

the same starting material may contain individual SWCNTs with variability in length, 

diameter, electronic character (i.e. m- or s-SWCNTs) and surfactant structure along the 

sidewalls. While a great deal of work has been completed attempting to elucidate the 

effects of SWCNT length and diameter on biological response, very little attention has 

been given to how the electronic nature of the nanotubes (i.e. m- or s-SWNCTs) effects 

biological responses.  This gap in knowledge persists as methods to separate the m-

SWNCT and s-SWCNT species from starting material has not been fully developed and 

made available to all research groups.  Initial separation processes including DGU 

require extensive equipment costs that may be prohibitive to most research efforts.  

Fortunately, a new chromatographic method of SWCNT type separation was developed 

by Kataura and coworkers that significantly decreased cost and increased 

throughput.65,66 Initially,  the purity and concentration of these resulting suspensions has 

not been ideal for use in toxicological studies.  

In this dissertation, a two-step approach is used to fill the above outlined 

knowledge gaps and to fundamentally understand how different SWCNTs forms such 

as m- and s-SWCNT species may impact SWCNT-organism interactions.   

First, a process developed by Kataura and coworkers was used to achieve a 

fundamental mechanistic understanding of the driving forces at play during the 

separation of m- and s-SWCNTs from parent materials.  Insights gained from this 

mechanistic study were then applied to optimize the separation process to produce 

highly purified m- and s-SWCNT fractions; ideal for the determination of potential 

toxicity. Finally, the produced purified fractions were used in a series of bioassays to 
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determine differences in biological responses using model test organisms in dose-

exposure studies.  Obtained results provide insight into the potential effects SWCNTs 

might have if released to natural aquatic systems. The determination of differences in 

biological responses of organisms exposed to either m-SWCNTs or s-SWCNTs, if any, 

will be instrumental in the development of guidelines for the disposal of products 

containing SWCNTs.  Accordingly, this research could be seen as a step towards an 

environmentally conscious design and regulations to guide discharge of SWCNTs as 

commercial products containing them enter the market place and reach the end of their 

life cycle. 
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Figure 2-1.  2D graphite sheet used to define SWCNT vector and classification.  Three 
classed of SWCNT are shown including zig-zag (m=0), armchair (n=m) and 
chairal (all others).  Additionally, when the difference of n and m is a multiple 
of  three, the SWCNT is metallic with no band gap.  
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Figure 2-2.  Typical Raman Spectra of unpurified SWCNTs. The spectra can be broken 

down into three distinct sections, the Radial Breathing Mode (RBM), the D-
band, and the Tangential Modes or G-Bands. Each region of the spectra can 
be used to extract important structural and electronic information on the 
SWCNTs being studied  
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Figure 2-3.  Typical fluorescence spectra of a 1 wt % SDS – SWCNT suspension 
following high shear mixing, sonication, and ultracentrifugation.  Spectra are 
recorded using excitation wavelengths of A) 662 nm and B) 784 nm. 
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CHAPTER 3 
INTERACTIVE FORCES BETWEEN SODIUM DODECLY SULFATE SUSPENDED 

SINGLE-WALL CARBON NANOTUBES AND AGAROSE GELS 
 

3.1 Background 

 Since the discovery of single-walled carbon nanotubes (SWCNTs), researchers 

have envisioned many applications that take advantage of their astounding physical 

properties.12 Conceptually, SWCNTs are a single-atom-thick sheet of graphene that is 

rolled into a seamless cylinder. The angle of this roll is defined by the unit vectors (n, 

m), which gives rise to SWCNTs with specific properties governed by the crystalline 

structure. When the difference between the values of n and m are divisible by 3, the 

SWCNTs are metallic (m); otherwise, the SWCNTs are semiconducting (s) with a 

defined band gap.13  Theoretically, m-SWCNTs should make up a third of all possible 

nanotubes. Currently, all SWCNT synthetic approaches produce a variety of SWCNT (n, 

m) types that limit their use in many applications.104
 Although considerable progress has 

been made in controlling the diameters and types of SWCNTs produced14,15, a variety of 

post synthesis separations are still required to produce nanotubes of specific length, 

diameter, and electronic type (i.e., purely m- or s-SWCNTs).16,17 

Of particular interest over the last several years has been the development of a 

simple and scalable technique for the separation of SWCNTs. Several methods have 

been used to separate SWCNTs by chirality or by electronic type, including density 

gradient ultracentrifugation56,57, gel electrophoresis, 58,59, selective oxidation60,61
 and 

selective wrapping with DNA62,105, polymers63,106,107, and amines.64,108 While each of 

                                            
 Reprinted with permission from The Journal of American Chemical Society, Vol. 135, Issue 47, pp. 
17653-18006, 2013.  Copyright 2013 American Chemical Society   
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these techniques are capable of separating the m- and s-SWCNTs with varying levels of 

success, selective adsorption on agarose or dextran gels, which was pioneered by 

Kataura and co-workers,65,66
 is currently one of the most promising methods for large-

scale, high-throughput separations. While the use of agarose gel columns has been 

effective in separating m- and s-SWCNTs, little is understood about the mechanism. 

Our prior study109
 proposed that the mechanism was due to selective retention of s-

SWCNTs, which was later confirmed by the work of Tvrdy et al.69  As highlighted in our 

previous study, the selective adsorption was controlled by the packing of sodium 

dodecyl sulfate (SDS) molecules around SWCNTs.109  This mechanism implies inherent 

differences in surfactant structure around m- and s-SWCNTs in the suspension. Indeed, 

other researchers have observed different buoyancies for m- and s-SWCNTs,57 which 

suggests differences in surfactant coverage for each SWCNT type. Molecular dynamics 

simulations have also shown that different surfactant structures are formed around 

specific (n, m) types.42,110 

In this paper, we aim to understand the nature of intermolecular forces that yield 

selective adsorption of SDS−SWCNTs onto agarose gel. The heterogeneous interface 

of the SDS−SWCNT complexes (i.e., the coexistence of hydrophobic and hydrophilic 

patches), the dynamic nature of SDS molecules on SWCNTs, and the complex micro- 

and macrostructure of agarose gels allows for a variety of potential interactive forces 

(e.g., ionic, van der Waals, hydrophobic). In order to probe the nature of these 

interactions, the contribution from each of these forces are either inhibited or enhanced 

to determine their relative importance in the selective retention of s-SWCNTs onto 

agarose. By understanding the interaction of SWCNTs with the agarose gel under both 
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equilibrium and nonequilibrium conditions, we aim to identify the primary force 

responsible for selective adsorption. Furthermore, we discuss possible reasons why 

SDS−SWCNTs show a larger affinity for agarose gels than SWCNTs coated with other 

surfactants, such as sodium cholate (SC), as well as a description of the active 

adsorption sites within the agarose gels. This knowledge should lead to more efficient 

separations of SWCNTs. 

3.2 Methods 

3.2.1 Materials  

Nanopure water was used in all experiments. SDS (>99%) and SC (>99%) were 

purchased from Sigma−Aldrich (St.Louis, MO) and used as received. HiPco SWCNTs 

were obtained from Rice University (Rice HPR 162.3) and used as received. Different 

stationary phases were used as the adsorbent, including plain agarose (Sepharose 6 

and 4 FF) and agarose functionalized with either hydrophobic aliphatic carbon chains 

(butyl- and octyl-Sepharose 4 FF), hydrophobic phenyl groups (phenyl-Sepharose 6 FF) 

at both low and high substitution (LS and HS, respectively), or ionic groups (sp- and Q-

Sepharose 6 FF). All the gels were manufactured by GE. Phenyl-Sepharose HS was 

purchased from Sigma−Aldrich, whereas the other gels were obtained from GE Health 

Care. The average diameter of all the gel beads was 95 μm. Table 3-1 summarizes the 

relevant properties of the gel media used as the stationary phase. It is important to note 

that Sepharose 4 and 6 FF are highly cross-linked in comparison to the Sepharose 6B 

used in many studies, providing a more rigid structure. 
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3.2.2 Aqueous SWCNT Suspensions 

Aqueous suspensions of SWCNTs were prepared as described in our previous 

work.109  Briefly 30−40 mg of raw SWCNTs was added to 100 mL of a 1 wt % SDS 

solution in Nanopure water. The solution was then homogenized for 30 min (IKA T-25 

Ultra-Turrax) and ultrasonicated (Misonix S3000) for 10 min (120 W) to aid dispersion. 

After ultrasonication, the resulting mixture was ultracentrifuged (Beckman Coulter 

Optima L-80 K, SW 28 rotor) at 20 000 rpm (53000g). Ultracentrifugation times varied 

for nonequilibrium (4 h) and equilibrium experiments (1 h) to produce the desired 

concentration of SWCNTs. A comparison of the absorbance and fluorescence spectra 

for both SWCNT suspensions is shown in Figure A-1 (Appendix A). Although there is 

some broadening in the absorption spectra of SWCNTs used in the equilibrium studies, 

both suspensions give intense fluorescence, suggesting a high-quality dispersion. 

3.2.3 Equilibrium Adsorption  

The agarose gels were thoroughly rinsed with Nanopure water to remove any 

residual ethanol used as a preservative prior to their use. The rinsed gels were then 

equilibrated with a 1 wt % SDS solution (SDS solution/gel volume ratio of 2:1). 

Approximately 500 μL of surfactant-stabilized gel was used for each replicate in 

separate 15 mL centrifuge tubes. Individual replicates were equilibrated with various 

concentrations of SWCNT in a constant background solution of 1 wt % SDS. After all 

components were combined, the samples were mixed in a vortex stirrer for 30 s before 

being placed in a water bath held at 25 °C for 24 h to ensure equilibration. After 

stabilization, samples were centrifuged for 5 min at 5000 rpm to remove any agarose 
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beads from the supernatant. An aliquot of the supernatant (300 μL) was then extracted 

and analyzed by absorption and fluorescence spectroscopy, as described below. 

3.2.4 Nonequilibrium Adsorption  

Columns were packed with different compositions of agarose beads up to 6 cm in 

height. The columns were first stabilized with at least five column volumes (CV), 

approximately 43 mL, of 1 wt % SDS solution. For the experiments with the IEX media, 

equilibration required more volume; these columns were stabilized with 16 CV. Half a 

column volume of the suspension was then injected into the column. The early fractions 

of SWCNTs were eluted with 1 CV of 1 wt % SDS solution followed by two CV of 2 wt % 

SC solution to remove the retained SWCNTs from the column. Each fraction was then 

characterized by absorption and fluorescence spectroscopy, as described below. 

3.2.5 SWCNT Characterization 

The initial SWCNT suspensions and the supernatant extracted from the 

equilibrium studies were characterized by absorption (0.4 cm path) and fluorescence (1 

cm path) spectroscopy on an Applied NanoFluorescence Nanospectralyzer (Houston, 

TX) with excitation from 662 and 784 nm diode lasers. Effluent from the column was 

continuously characterized in situ by use of a flow cell from Starna Cells as previously 

described.  Typically, absorption spectra were taken every 20 s as the effluent flowed 

through the cell. Mass fractions of SWCNTs eluted during were estimated by use of 

absorbance values at 626 nm, where the extinction coefficient was calculated on the 

basis of the one determined by Moore et al.111 at 763 nm (see Appendix A). The 

distribution of SWCNT lengths was measured by atomic force microscopy (AFM) 

following the procedure published by Khripin et al.52 Silicon wafers were functionalized 

with 3-(ethoxydimethylsilyl)-propylamine (APDMES, Sigma−Aldrich, St. Louis, MO). 
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Beforedeposition on the substrate, SWCNT samples in 1 wt % SDS were diluted at 

least 100× with an aqueous solution of 0.2 wt % SC and 20 mM NaSCN. SWCNTs were 

deposited on the wafer by casting 10 μL of the sample, followed by incubation in a 

closed container for 6 min. After incubation, samples were dried by use of canned 

nitrogen. Several images were acquired on a Bruker Dimension Icon AFM in the peak-

force tapping mode (ScanAsyst) with the respective ScanAsyst- Air probes. By this 

method, the average SWCNT length was calculated to be 467 nm. A representative 

AFM image and length distribution histogram are shown in Figure A-2 (Appendix A). 

3.3. Result and Discussion  

3.3.1 Physical and Chemical Structure of Agarose Gels 

The agarose polymer is the major gelling constituent of agar and contains 

agarobiose as the monomeric unit112, as Figure 3-1a shows. The porous 3D structure of 

agarose is due to the self assembly of molecules at the nano- and microscale.112
 At the 

nanoscale, single strands of agarose form double helices that are stabilized by intra- 

and intermolecular hydrogen bonds. Further aggregation of individual helices into 

bundles of various size and structure result in the characteristic porous 3D nature of 

agarose (see Figure 3-1b). The porous structure of the resulting beads is dependent 

upon the concentration of agarose used during production. The pore size decreases 

slightly as the concentration of agarose used in production increases from 4% to 6%. 

For example, the average pore size for Sepharose 4 and 6 FF is 45 and 29 nm, 

respectively.113  Furthermore, electric birefringence studies have reported large, 

permanent dipoles in the range 103−106
 D for agarose.114-117

 Importantly, these studies 

showed that domains of different size within agarose align at various time scales when 
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placed in an electric field, suggesting different dipole moments. This observation 

indicates that agarose gels are formed by the nonuniform and random network shown in 

Figure 3-1b. Finally, the size of the domains aligned by the applied electric field and, 

consequently, the dipole moments changed as the concentration of agarose was 

altered. 

Initially, the attractiveness of agarose as a size-exclusion (SEC) medium in 

biochemistry stemmed from its hydrophilicity (large number of ether and hydroxide 

groups), its stability in a wide range of pH values, and concomitant neutrality that 

minimizes the nonspecific binding of proteins. However, residual charges on the surface 

as well as hydrophobic groups from the manufacturing process can potentially exist, 

promoting protein binding to the gel according to their hydrophobic character or their 

charge density.118,119
  Consequently, residual contaminant moieties could influence the 

adsorption of SDS−SWCNTs despite pure agarose being neutral and hydrophilic. 

Although agarose can potentially have small regions of hydrophobic and ionic 

groups that offer selective adsorption, the surface can be additionally functionalized with 

either hydrophobic or ionic groups to further promote these interactions and aid 

separation. The glycidyl ether chemistry couples the ligand group to the agarose matrix 

by reacting with the hydroxyl groups on the backbone, resulting in the structures 

depicted in Figure 3-1c.120
 It is critical to note that any functionalization to the base 

agarose matrix (i.e., phenyl, octyl, etc.) will not significantly alter the average pore size 

(see Table 3-1). However, functionalization of the agarose base may alter the 

magnitude of the permanent dipole moments, which could affect separation. 
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3.3.2 Retention of SDS−SWCNTs on Agarose Gels 

 

The affinity of agarose toward SDS−SWCNTs has already been exploited for the 

separation of nanotubes.58,65-67,121
  Figure 3-2a shows the elution curves of 

SDS−SWCNTs as they pass through a column packed with one of the base materials 

(Sepharose 6 FF). Similar to prior experiments with Sepharose 6B, a large percentage 

of SWCNTs are adsorbed onto the agarose beads. The fraction of nanotubes that pass 

through the column (peak P1) is highly enriched in m-SWCNTs, as shown by the 

absorbance spectra in Figure 3-2b, while the nanotubes eluted with 2% SC (peak P2) 

are primarily s-SWCNTs. In general, all the unfunctionalized agarose beads (4 FF, 6 FF, 

and 6B) are capable of separating SWCNTs. The most appreciable difference observed 

among the different variants of agarose is in the shape of adsorption isotherms (see 

Figure A-3 in Appendix A). The difference in adsorption isotherm shape behavior 

between Sepharose 6 FF and 4 FF confirms an inverse relationship between the 

concentration of agarose in the gel matrix and SDS−SWCNT retention.122
 This may 

seem counterintuitive at first, but a possible explanation lies in the different structures 

(see Figure 3-1b) formed during synthesis, as supported by electric birefringence 

studies.114-117 

When one attempts to understand the fundamental mechanisms responsible for 

the separation of nanotubes via agarose gels, the physical parameters of SWCNTs and 

agarose must be considered. If one considers the average pore size of the base 

agarose (45 nm or less) as well as the average length of the SWCNTs used in this 

study (>100 nm as shown in Figure A-2, Appendix A), it is unlikely that a significant 

amount of SWCNTs diffuse into the pores of the agarose gel. Given that the bead size 
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is the same for all agarose used in this study and that the hydrophobicity of a surface 

does not significantly affect the slip plane,123 no hydrodynamic effects should be 

responsible for changes in retention either. As the pore size of the beads is primarily 

determined by the percentage of agarose used during production, any functionalization 

of the backbone does not significantly alter the pore size (see Table 3-1). The agarose 

gels are equilibrated with significant amounts of SDS (5 CV) prior to separation, so any 

interaction between the surfactant and functional groups cannot alter the dispersion 

properties of SWCNTs. Therefore, modification to agarose should affect only the 

interaction of SWCNTs with the outer surface of the agarose beads. The fact that 

SDS−SWCNT separations are effective with both the beaded and nonbeaded gel forms 

of agarose supports the assertion that the selective retention of s-SWCNT must be 

governed by surface interaction and not transport through pores. 

3.3.3 Probing the Interaction of SWCNTs with Agarose 

 

 As described above, the structure of agarose used for these column-based 

separations is complex. The hydrophilic regions are represented by the ubiquitous 

hydroxyl groups (each monomer contains four OH groups) depicted in Figure 3-1a, 

while the potential hydrophobic regions include residues from synthesis. More 

importantly, these OH groups are also highly polarizable, and it is reasonable that the 

permanent dipoles observed in electric birefringence measurements114-117
 are 

associated with these groups. The existence of these dipole regions creates the 

potential for an attractive interaction with an approaching charge. 

The interface of SDS−SWCNTs is equally intricate. The structure of the 

surfactant shell around nanotubes is dynamic, not well-defined, and is expected to be 
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heterogeneous, with some areas of the SWCNT completely exposed to the medium. 

Hence, the SWCNT interface might present distinct hydrophobic and hydrophilic regions 

that provide the possibility of different interactions with agarose. Simulation studies have 

shown that the structure of the surfactant shell depends on concentration,42,110
 while 

buoyancy differences suggest structural variability in surfactant coverage based on the 

metallic or semiconducting nature of the SWCNTs.57,124
  Finally, SDS molecules bound 

to the SWCNTs are highly mobile, as demonstrated by the ability of SDS molecules to 

change their assembly under different mechanical and chemical stimuli, such as 

shearing,125 uptake of nonpolar compounds,109,126
 or changes in the ionic strength of the 

medium.57,109,124
 

Given the physical and chemical structure of agarose as well as the complicated 

interface of surfactant-suspended SWCNTs, both long- and short-range interactions are 

possible. However, only a finite number of interactions can exist between the agarose 

and SWCNTs once their structures are considered. The hydrophobic regions of both the 

agarose and SWCNTs may yield weak, short-range forces important to the separation, 

such as van der Waals (vdW), hydrophobic, and π−π interactions. On the other hand, 

the hydrophilic groups on each enable strong, long-range forces, such as ionic or 

ion−dipole interactions. While multiple interactions may be occurring between SWCNTs 

and agarose, the relative importance of a given force can be evaluated by either 

inhibiting or promoting its significance during adsorption. We begin by investigating the 

role of vdW forces by inhibiting ionic interactions. Next, ionic, hydrophobic, and π−π 

interactions are promoted by systematically modifying the surface of the stationary 

phase with aliphatic, phenyl, and charged groups, as shown in Figure 1c. 
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3.3.3.1 Adsorption predominantly through van der Waals interactions  

While vdW forces are generally weaker than ionic interactions, they are additive 

along the length of the nanotube in these systems and can provide significant 

adsorption onto a surface. Furthermore, recent studies using Lifshitz theory quantified 

the differences in vdW forces between SWCNTs of different type and chirality.127,128  

These theoretical studies reported significant differences in vdW potentials between m- 

and s-SWCNTs,127 as well as increased attraction of s-SWCNTs over m-SWCNTs 

toward polymer surfaces.128 Although the agarose gels used here have considerable 

differences from the polymers in those studies, vdW interactions could be a driving force 

during the gel-based separation of SDS−SWCNTs. 

To investigate the relative importance of vdW interactions during separation, 

equilibrium studies were conducted with Sepharose 4 and 6 FF. Each gel was 

equilibrated with identical concentrations of SDS-suspended SWCNTs with an 

increasing electrolyte background up to 80 mM NaCl. Increasing the ionic strength of 

the solution has several important effects. Most importantly, the increase in charge 

screening drastically compresses the size of the electric double layer. This compression 

serves to minimize the range and intensity of the strong electrostatic interactions (i.e., 

ionic or dipole), thereby enhancing the importance of the short-range vdW forces. 

Therefore, if vdW attractive potentials were the primary force driving the retention in 

these systems, an increase in electrolyte concentration should not reduce 

SDS−SWCNT retention. However, Figure 3-3 shows an inverse relationship between 

electrolyte concentration and retention of SDS−SWCNTs. Interestingly, a decrease in 

retention was also observed during our previous mechanistic study in nonequilibrium 
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(column) experiments.109
  While changes to the ionic strength of SDS−SWCNT 

suspensions can alter the structure of the surfactant shell on SWCNT sidewalls,57,124,129 

these transitions were shown to slowly progress as the electrolyte concentration 

increased.57 The monotonic decrease in retention, especially at low salt concentration, 

indicates that vdW interactions are not the primary force driving the separation of 

SDS−SWCNTs in agarose. Finally, the observed differences in vdW forces between m- 

and s-SWCNTs calculated by Lifshitz theory would exist regardless of the surfactant 

used to stabilize the suspension. The fact that other surfactants do not yield selective 

adsorption further indicates that vdW forces are not the dominant interaction during 

separation. 

3.3.3.2 Adsorption predominantly through ionic interactions 

 

After exclusion of vdW forces, stronger electrostatic interactions are an attractive 

option, when one considers the potential existence of charged groups on the agarose 

surface and the charged nature of SDS headgroups used to disperse SWCNTs in 

solution. Ionic interactions were explored by using agarose beads functionalized with 

sulfopropyl (sp) and quaternary ammonium (Q) groups, bearing negative and positive 

charges, respectively, under the working pH conditions (between 6 and 8). Figure 3-4 

compares the retention behavior of plain agarose to that of the same gel after addition 

of ionic groups. The retention behavior of Sepharose with charged groups on the 

backbone is entirely different than that of the base agarose (control). Negatively 

charged sp-Sepharose reduces the retention of SWCNTs. The behavior of sp- 

Sepharose is not surprising since the negative charges on the gel repel the negative 

charges on the SDS-coated SWCNTs. One interesting observation is that, even though 
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the surface of sp-Sepharose is negatively charged, 15% of SDS−SWCNTs are still 

adsorbed, suggesting that there are adsorption sites strong enough to compete with the 

repulsion from the negative groups. Interestingly, Q-Sepharose also has little retention 

of SWCNTs despite bearing positive surface charges. It is important to note that the 

common procedure for all column separations is to equilibrate the surface with the 

surfactant prior to SWCNT injection. Any positive charges that exist on the agarose 

(backbone or functional groups) would then be covered with SDS during equilibration. 

Therefore, the lack of adsorption simply shows that SDS is not extensively displaced by 

SDS-coated SWCNTs. We do note that a small portion of the SWCNTs are irreversibly 

retained, suggesting that some SWCNTs are able to strongly adsorb onto the surface. 

In general, there is no driving force for SDS−SWCNTs to displace SDS molecules from 

the surface. If either charge were responsible for the retention of SDS−SWCNTs, 

increasing the number density of that charge would have increased the amount of 

SWCNTs adsorbed. Since a reduction in retention was observed, electrostatic attraction 

(ion exchange) is not the dominant interaction between SDS−SWCNT complexes and 

agarose. 

3.3.3.3 Adsorption predominantly through hydrophobic interactions 

 

The importance of hydrophobic interactions was tested by using a set of 

Sepharose beads that have been functionalized with butyl and octyl groups. Figure 3-5 

compares the retention and adsorption behavior of plain, butyl-, and octyl-Sepharose 

under equilibrium and nonequilibrium conditions. Once the Sepharose is functionalized 

with aliphatic groups, both nonequilibrium and equilibrium adsorption studies show that 

retention of SDS−SWCNTs decreases substantially. During column experiments with 
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butyl-Sepharose, only 27% of the injected SWCNTs are retained on the column. This 

low adsorption affinity is confirmed by the limited retention (16 μg/g) shown in 

equilibrium experiments. Decreased retention is also evident in the octyl-Sepharose 

systems (65% and 45 μg/g). The resulting absorbance spectra from nonequilibrium 

studies (see Figure A-5 in Appendix A) also demonstrate a nearly complete loss of 

selectivity once Sepharose 4 FF is functionalized. Finally, it is important to note that 

functionalization of the base gel creates drastic changes to the shape of the adsorption 

isotherms presented in Figure 3-5. For example, the multiple plateaus evident in the 

isotherm for Sepharose 4 FF become more distinct after functionalization with butyl and 

octyl groups. The implications of these changes will be discussed later. 

The retention characteristics of SWCNTs from both equilibrium and 

nonequilibrium studies are consistent. Since a systematic increase in the concentration 

and density of groups that promote hydrophobic interactions do not increase 

SDS−SWCNT retention in either system, selective retention is not due to hydrophobic 

interactions between SDS−SWCNTs and agarose. 

3.3.3.4 Adsorption predominantly through π−π interactions  

The impact of π−π interactions on the adsorption of SDS−SWCNTs by agarose 

was assessed by use of agarose beads functionalized with phenyl groups (phenyl-

Sepharose). While the addition of phenyl groups to the agarose backbone increases the 

hydrophobicity of the matrix, phenyl groups also establish π−π interactions with 

SWCNTs.130  Different degrees of phenyl substitution (see Table 3-1) were used to 

observe the changes in adsorption behavior as the concentration of phenyl groups on 

Sepharose 6 FF was changed from 0 to 40 μmol/mL. Figure 3-6 shows the retention 
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characteristics of SDS−SWCNTs on phenyl-Sepharose. Similar to the studies of 

hydrophobic interactions, both nonequilibrium and equilibrium studies of phenyl-

substituted agarose showed decreases in retention. These decreases in retention, 

however, were dependent on the surface concentration of the functional groups. At low 

substitution, phenyl-Sepharose retained 54% of SDS−SWCNTs, whereas it retained 

only 25% at high substitution (see Figure 3-6a). This reduction in retention by almost 

half occurs while the ligand density is nearly doubled from 25 to 40 μmol/L. Once the 

matrix is functionalized with phenyl-Sepharose at either degree of substitution, the 

adsorption isotherms change dramatically (see Figure 3-6b−d). The slope of the 

isotherms is shallow in comparison with that of Sepharose 6 FF, showing decreased 

affinity for the surface. These isotherms also show unique nonmonotonic shapes not 

seen in the unfunctionalized agarose beads, which will be discussed later. Similar to the 

studies of agarose functionalized with aliphatic groups, the absorbance spectra show 

that any retention that is occurring is not selective (see Figure A-6 in Appendix A). 

The results from both equilibrium and nonequilibrium studies are similar 

regarding the potential of π−π interaction to drive the separation of SWCNTs in these 

systems. A systematic increase to the density of phenyl groups on the surface of the gel 

did not increase SDS−SWCNT retention in either system. Therefore, π−π interactions 

between SDS−SWCNTs and agarose are not the primary driving force for selective 

adsorption of SDS−SWCNTs. 

3.3.4 Nature of Adsorption between SWCNTs and Agarose 
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3.3.4.1 Role of ion−dipole interactions in selective adsorption 

 

Direct measurement of the extent of ion−dipole interactions between 

SDS−SWCNTs and agarose gels is difficult for several reasons. By their very nature, 

ion−dipole interactions are mixed systems; therefore, suppressing other forces without 

affecting ion−dipole interactions is unlikely. Enhancing their interaction by directly 

manipulating the charge density of ions (SDS−SWCNTs) or dipoles (agarose) is also not 

feasible. SDS−SWCNTs are already coated with a substantial amount of anionic 

charges and essentially act as macro-ions. As a result, an attempt to increase the 

charge density of SDS on SWCNTs will likely alter the structure of the surfactant on the 

sidewalls, indirectly affecting the interaction with agarose. Likewise, the permanent 

dipole moments of agarose114-117
 most likely originate from the ubiquitous placement of 

highly polarizable OH groups. Increasing the concentration of OH groups beyond the 

base material is unlikely. 

While there is inherent difficulty in directly measuring ion−dipole interactions, 

these forces remain a strong candidate for adsorption due to SDS−SWCNTs acting 

essentially as macroions and the presence of permanent dipoles in the agarose 

matrix.114-117
 It is critical to note that the charged head groups of SDS used to stabilize 

the nanotubes must play a crucial role in the separation of SWCNT suspensions. The 

results presented in Figure 3-3 show that screening the charges on SDS results in 

reduced SWCNT retention. Previous studies have also shown little to no separation 

when one attempts to separate SWCNT dispersed in other surfactants or with 

concentrations of SDS lower than 0.5 wt %.66,67Therefore, any force responsible for 
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retention of SDS−SWCNT during separation must account for the fact that the electric 

potential (charged surface) of SDS−SWCNTs is essential for retention on neutral 

agarose. Interestingly, ion−dipole interactions account for this observation. 

Furthermore, if ionic, hydrophobic, or π−π interactions were dominant in the selective 

adsorption of SWCNTs, increasing their density should have yielded higher retention of 

SWCNTs. Figure 3-7 shows that any modification to the agarose base significantly 

decreases the retention of s-SWCNTs, especially in nonequilibrium systems. In fact, a 

strong inverse relationship is observed with ligand density regardless of the functional 

group. In nonequilibrium conditions, butyl- and phenyl-Sepharose HS, which both have 

a ligand density of 40 μmol/mL, retain a similar amount of SWCNTs despite the ligand 

groups being different. Changes to the highly polarizable OH groups during 

functionalization will likely alter the overall dipole moment of the matrix, which would 

reduce retention if ion−dipole interactions were important. As the ligand density 

increases, more OH groups are altered on agarose, enhancing this effect. The ligand 

density also affects the selectivity of the matrix. The retention by matrices functionalized 

with ligand densities higher than 5 μmol/mL is not selective (see Figures A4−A6 in 

Appendix A). The only functionalized matrix that shows a slight degree of selective 

retention is octyl-Sepharose, which also has the lowest degree of substitution (5 

μmol/mL). Therefore, the presence of permanent dipoles appears to be important to 

retention and selectivity. 

The results indicate that both the ionic charge on nanotubes and the permanent 

dipole on agarose gels are important to both retention and selectivity. Therefore, it is 

logical that ion−dipole interactions play a dominant role in the selective adsorption of 
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SWCNTs, as shown in Figure 3-8a. In some sense, this type of interaction with agarose 

is similar to those that take place between agarose and other solutes in what is called 

hydrophilic interaction chromatography.131 

3.3.4.2 Role of SDS in separation selectivity 

 

 While ion−dipole interactions can account for the adsorption of SDS−SWCNTs 

on agarose gel, questions still remain regarding the nature of selectivity, whereby s-

SWCNTs are initially retained by the gel and m-SWCNTs are eluted. As ion−dipole 

interactions carry no inherent selectivity on their own, the separation must be driven by 

inherent differences between the s- and m-SWCNT species. We propose that the origin 

of selective adsorption is due to differences in polarizability of SWCNT species. 

Previous studies have suggested that a charge (i.e., SDS headgroups) in proximity to a 

polarizable object, such as a SWCNT, can induce image charges on the 

SWCNT.57,132,133
 The induced image charges on the SWCNTs serve to screen the SDS 

headgroups from one another, as well as screening the SWCNTs from other 

approaching charges (i.e., permanent dipoles on agarose), thereby lowering their 

overall potential. Both theoretical calculations134
 and laboratory AFM measurements135

 

have demonstrated large differences in polarizability of m- and s-SWCNT types, 

whereby the polarizability of m-SWCNTs was 3 orders of magnitude higher than their s-

SWCNT counterparts. The magnitude of the image charges formed is dependent upon 

the polarizability of the object; therefore, image charges are more easily induced on m-

SWCNTs, allowing SDS molecules to pack more tightly around m-SWCNTs.57,124
  As a 

result, the interaction strength between m-SWCNTs and the dipoles on agarose are 

lower due to both the ion−dipole repulsion provided by the image charges and the steric 
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repulsion provided by a higher aggregation number of surfactant, as described in our 

prior work.109
 The combination of these effects produces a much lower affinity of m-

SWCNTs toward agarose than s-SWCNTs, as shown in Figure 3-8b. It is also plausible 

that the inherent differences in vdW forces for m- and s-SWCNTs calculated by Lifshitz 

theory127,128
 help drive the formation of unique surfactant structures surrounding each 

type of SWCNT (m- or s-). The differences in packing of surfactant on the SWCNT 

sidewalls would subsequently cause similar differences in image charge. 

It is interesting to note that these effects should exist for all nanotubes 

suspended with ionic surfactants, meaning that agarose should be able to separate any 

SWCNTs suspended with anionic surfactants. However, selective adsorption is typically 

observed for only SDS−SWCNTs, whereas a SC−SWCNT suspension introduced into 

the column shows almost no retention. If the enthalpic effects described above could 

solely describe the adsorption of nanotubes, one would expect similar results for SDS− 

and SC−SWCNTs. It is possible that the surfactants themselves exhibit different 

interactions with the agarose that could explain the differences in adsorption for SDS− 

and SC−SWCNTs. However, Figure 3-9 shows that the SDS and SC molecules by 

themselves have almost no differences in their interaction with agarose, indicating that 

any energetic difference between the surfactant molecules is minimal. These results 

indicate that any differences seen in SWCNT adsorption must be due to the 

SWCNT−surfactant complex. 

Clearly there must be differences in SDS− and SC−SWCNT suspensions that 

promote their variant interactions with agarose. A possible explanation can be obtained 

by looking at the differences in the shell of both surfactants and its effect on the 
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hydrogen bonds and structure of water molecules. As we previously demonstrated, SDS 

molecules on SWCNTs are mobile and rearrange in response to chemical and 

mechanical stimuli.109,125,126,136 Furthermore, simulation studies indicate that SDS 

molecules align with the axis of a SWCNT, exposing their hydrophobic tail considerably 

to the aqueous phase and leaving large areas of the nanotube surface bare.42,110  In 

contrast, SC (or sodium deoxycholate) molecules are considered to be much more 

tightly bound to the surface and do not rearrange in response to chemical or mechanical 

stimuli, providing better coverage of the SWCNT surface. Moreover, SC molecules bind 

to the SWCNT surface with their hydrophobic face in contact with the nanotube surface, 

while their hydrophilic face is exposed to water. Whenever water molecules 

accommodate nonpolar and hydrophobic molecules, the water molecules in their vicinity 

are more structured, due to the loss of degrees of freedom and consequently 

entropy.133,137 Hence, water should be more structured in the vicinity of SDS−SWCNTs 

than for SCSWCNTs due to the interaction of water with the hydrophobic SDS tails and 

bare nanotube surface. The adsorption of SDS−SWCNTs to agarose will then lead to a 

net gain of entropy. Although the entropy decreases during adsorption from the reduced 

SDS degrees of freedom, that entropy loss can be compensated for and surpassed by a 

gain in entropy from the recovery of degrees of freedom of water. The process is 

analogous to micellization, where the formation of micelles results in a loss of degrees 

of freedom for surfactant molecules inside the micelles but a net gain in entropy due to 

the recovery of degrees of freedom of water. By the same reasoning, these entropic 

effects can explain why higher concentrations of SDS can desorb SWCNTs138,139 and 

why the solubilization of organic molecules on the surfactant shell reduces the 



 

57 

adsorption of SDS−SWCNTs.109 Both higher concentrations of SDS42,110,124 and the 

solubilization of organic molecules126,136 change the assembly of SDS molecules on 

SWCNTs in such a way that the hydrophobic tails of SDS molecules are hidden from 

the aqueous phase. 

In summary, adsorption between SDS−SWCNTs and agarose occurs through an 

ion−dipole interaction. While the selective structures formed around m- and s-SWCNTs 

will have implications on the enthalpic interactions, the entropic differences also must 

have an important role in the selective retention of SDS−SWCNTs. 

3.3.4.3 Adsorption isotherm behavior 

 

Although others have assumed that the adsorption isotherms of SWCNTs on 

agarose gels are Langmuir-type, the isotherms in Figures 5 and 6 cannot be described 

adequately by a Langmuir isotherm. It is also particularly important to note that the error 

bars depicted in these figures are very small for most data sets. The error bars increase 

only at the step edge or transition region before a stable plateau, where slight 

concentration differences would yield large changes to retention. A Langmuir isotherm 

is represented by increasing adsorption until a plateau, or saturation point, is reached, 

which represents thermodynamic equilibrium and complete occupation of the adsorption 

sites. This theoretical Langmuir shape is driven by the assumption that the absorbent 

contains a fixed number of absorption sites of equal energy, resulting in monolayer 

coverage of the solid adsorbent, and that there is no interaction between the solutes. 

The non-Langmuir shape of all isotherms suggest that adsorption sites may have 

different locations/conformations producing various energy barriers to adsorption.140 As 

functional groups are added to the agarose backbone, the differences between these 
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energy sites becomes more clear. These differences could indicate that regions with 

distinct magnitudes of permanent dipole moments account for these discrete energy 

sites. For the octyl-Sepharose system presented in Figure 3-5 as an example, the 

multiple plateaus indicate either that SWCNTs deposit as multiple layers on the surface 

of octyl-Sepharose or that the number/energy of adsorption sites do not remain constant 

as the applied concentration of SWCNTs is increased. Interestingly, the adsorption 

isotherms for pure agarose (see Figures 3-5, 3-6 and Figure A-3) do not exhibit 

Langmuir behavior either, despite its persistent use in the literature.122,141,142 

Adsorption of SWCNTs onto agarose appears to follow isotherms that do not 

assume homogeneity in the energy of adsorption sites (e.g., Freundlich) or the 

formation of a monolayer on the surface of the gel (e.g., Brunauer−Emmett−Teller).140,143 

Again, agarose contains multiple ordered structural domains, each with different dipole 

moments. By their nature, SDS−SWCNT suspensions are heterogeneous in length 

distribution (see Figure A-2 in Appendix A). Accordingly, the number of adsorption sites 

(total energy of adsorption) should be proportional to nanotube length. The dynamic 

nature of the SDS−SWCNT interface and the permanent dipoles of different magnitude 

within agarose suggest that binding events of different energies are probable. 

Furthermore, the number of different packing configurations of cylinders 

(SDS−SWCNTs) available during adsorption and the inherent attractive interaction 

between SWCNTs make cooperative adsorption likely. Although assuming Langmuir 

behavior can provide some insight into the thermodynamics of the separation process, 

great care must be taken when attempting to extract specific adsorption parameters by 

use of the relatively simple Langmuir model in complex systems. The complex nature of 
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the isotherms observed in this study indicates that more detailed calorimetric studies 

are needed to determine the thermodynamics of solute coverage, which is beyond the 

scope of this study. 

3.4 Closing Remarks 

 
The development of a simple, large-scale process to separate SWCNTs is still 

needed, and consequently, the selective adsorption of SWCNTs onto agarose remains 

a promising method. Fully understanding the mechanism of selective adsorption should 

lead to more effective separations. In this study, we systematically altered the backbone 

of agarose to vary the relative importance of ionic, hydrophobic, and π−π interactions 

during the adsorption between agarose and SWCNTs suspended with SDS. The results 

demonstrated that any alterations to agarose significantly reduced retention and 

selectivity. This inverse behavior and the inherent charge neutrality of agarose indicate 

that the large permanent dipole moments exhibited by agarose are critical to the 

adsorption process. Combined with the importance of the electrical double layer on 

nanotubes, it is proposed that ion−dipole interactions between the anionic charges on 

SDS−SWCNTs and the permanent dipoles of agarose are the dominant interaction in 

the adsorption process. The dissimilarities in polarizability of m- and s-SWCNTs result 

in different magnitudes of image charges on the nanotubes, thus altering the packing of 

surfactant on the sidewall. These different structures also limit the mobility of the 

surfactant. However, adsorption based solely on enthalpic effects cannot account for 

the dissimilar behavior of SWCNTs suspended in SDS and other surfactants, such as 

SC. Therefore, selectivity is considered to be driven by both enthalpic and entropic 

effects. Finally, the non-Langmuir isotherms observed during equilibrium studies 
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indicates that great care must be taken when attempting to extract thermodynamic 

information without the additional data provided by calorimetric studies. 
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Table 3-1.  Characteristics of gel media used in this work 

Medium Type Group 
Ligand 
Density 

Pore 
Size 

% 
Agarose 

Sepharose 6 FF SEC   29 (c) 6 
Sepharsoe 4 FF SEC   45 (c) 4 
sp-Sepharose   IEX (-) sulfpropyl b 24 (d) 6 
Q-Sepharsoe  IEX (+) quaternary 

ammonium 
b 29 (e) 6 

phenyl-Sepharose 
(HS) 

HIC phenyl 40  6 

phenyl-Sepharose 
(LS) 

HIC phenyl 25 35 (f) 6 

butyl-Sepharose HIC butyl 40  4 
octyl-Sepharose HIC octyl 5  4 

Typical purpose of the gel medium: size-exclusion (SEC), hydrophobi interaction (HIC), 
or ion-exchange (IEX) chromatography. (b) Ligand density for charged groups depends 
on the eluent and is difficult to characterize. (c) Hagel et al.113 (d) DePhillips and 
Lenhoff144 (e) Yao and Lenhoff,145 (f) Evans et al.146 
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Figure 3-1.  Physical and chemical structure of agarose. A) Monomeric unit of agarose 
chains. B) Polymers organize into double helices and are further stabilized by 
bundling to form aggregates of various structure and size. Adapted image 
from Arnott et al.147 C) Ligands added to agarose backbone after 
functionalization. The R group represents CH2CH(OH)CH2 chains added 
through a glycidyl ether coupling reaction. 
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 Figure 3-2.  Separation of SWCNTs through selective adsorption.  A) Elution 

curve of SWCNTs suspended in 1 wt % SDS with Sepharose 6 FF as the 
stationary phase. The SWCNT suspension is injected at time 0. The elution 
curve is presented in terms of absorbance of effluent normalized by 
absorbance of initial suspension (λ = 626 nm). B) Absorbance spectra from 
initial sample and effluent at the first (P1) and second (P2) peaks of the 
elution curve. Spectra of P1 and P2 have been slightly offset for visual clarity. 
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Figure 3-3.  Comparison of retention behavior of 1 wt % SDS−SWCNT suspension in 

plain Sepharose 4 FF and 6 FF at different electrolyte concentrations. 
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Figure 3-4.  Retention behavior of 1 wt % SDS−SWCNT suspension in plain Sepharose 

6 FF and Sepharose 6 FF functionalized with ionic groups, sp- and Q-, that 
contain negative and positive charges, respectively. Bars indicate the mass 
fraction of SWCNTs eluted in peaks 1 (P1) and 2 (P2) as well as those that 
are irreversibly retained (not eluted with 2 wt % SC) within the column. All 
three columns were stabilized with 16 CV of 1 wt % SDS buffer prior to 
SWCNT injection.  
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Figure 3-5.  Retention behavior of 1 wt % SDS−SWCNT suspension in plain Sepharose 

4 FF and Sepharose 4 FF functionalized with octyl and butyl groups. A) 
Comparison of the mass fraction of SWCNTs eluted in peaks 1 (P1) and 2 
(P2) as well as those that are irreversibly retained within the column during 
nonequilibrium studies. B-D) Equilibrium adsorption isotherms for B) plain 

Sepharose 4 FF (●), C) butyl-Sepharose (■), and D) octyl-Sepharose (▲). 

Note that the equilibrium concentration (Ceq) is given in milligrams per liter, 
while the amount of adsorbed SWCNTs (q) is given in micrograms per gram. 
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Figure 3-6.  Retention behavior of 1 wt % SDS−SWCNT suspension in plain Sepharose 

6 FF and Sepharose 6 FF functionalized with phenyl groups at low and high 
substitution. A) Comparison of the mass fraction of SWCNTs eluted in peaks 
1 (P1) and 2 (P2) as well as those that are irreversibly retained within the 

column during nonequilibrium studies. B−D) Equilibrium adsorption isotherms 

for B) plain Sepharose 6 FF (●) and phenyl-Sepharose at C) low (■) and D) 

high substitution (▲). 
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Figure 3-7.  Relationship between ligand density and the mass of SDS−SWCNTs 

retained by different gel media in nonequilibrium (column) studies. 
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Figure 3-8.  Mechanism of interaction and selectivity during agarose gel-based 

separations of SDS−SWCNTs. A) Dipoles on the agarose gel surface enable 

interaction with negatively charged head groups of SDS on SWCNTs. B) 
Higher polarizability or differences in vdW forces alter the surfactant structure 
around m-SWCNTs, thereby minimizing the interaction potential between m-
SWCNTs and agarose gels. 

A 

B 
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Figure 3-9.  Retention of surfactants used in agarose gel separations on Sepharose 6 

FF. The figure shows the final (■) SDS and (▲) SC surfactant concentration 

that remains in the supernatant after equilibrium. Final concentrations were 
determined by densitometry. 
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CHAPTER 4 
EVALUATION OF CRITICAL PARAMETERS IN THE SEPARATION OF SINGLE-WALL 
CARBON NANOTUBES THROUGH SELECTIVE ADSORPTION ONTO HYDROGELS 
 

4.1 Background 

Single-wall carbon nanotubes (SWCNTs) have attracted attention in a wide array 

of applications over the last twenty years for their incredible mechanical and electronic 

properties.12  Over the last decade, significant gains have been reported in separation 

strategies to isolate as-produced SWCNT suspensions into metallic (m-) and 

semiconducting (s-) fractions.56,57,62,63,105-107,148 One of the most widely studied methods 

for the electronic sorting of SWCNTs has been their selective adsorption onto 

hydrogels, which was pioneered by Kataura and coworkers.65,66,141,142,149 Using this 

method, sodium dodecyl sulfate (SDS) is used to stabilize SWCNTs that are passed 

through a column containing dextran or agarose gel. After injection, m-SWCNTs can be 

eluted with additional volumes of SDS solution, while s-SWCNTs are retained on the 

gel. The s-SWCNTs are only released from the gel after the eluent is either increased to 

a higher SDS concentration or changed to a bile salt, such as sodium cholate (SC) or 

sodium deoxycholate (DOC).  

Our group was the first to describe the mechanism of this separation technique 

as the selective adsorption of s-SWCNTs to the gel surface based on the structure of 

the surfactant coating surrounding the SWCNTs,109 which has subsequently been 

confirmed by others.69,71,150 Furthermore, our group recently investigated the driving 

forces responsible for the selective retention of s-SWCNTs on agarose and highlighted 

the importance both hydroxyl groups on agarose and SDS used in SWCNT dispersion 

during the separation process.11 Continued advancement in this field has led to more 

refined separation processes that are not only able to sort SWCNT suspensions by 
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electronic type, but further isolate the s-SWCNT portion into single-chirality fractions 

(n,m) using combinations of temperature modification,70 successive columns in series,69 

or alterations to solution pH.71,150,151 

While a great deal of progress has been made using this selective adsorption 

technique, researchers have utilized a large variety of commercially available gels and 

suspension techniques in an effort to attain their specific goals. For example, it is well 

understood that hydrophobic SWCNTs must be stabilized with surfactants for dispersion 

in an aqueous medium,152 followed by ultrasonication and ultracentrifugation to remove 

metallic catalysts, amorphous carbon, and bundled SWCNTs.48 However, there is no 

unified dispersion method in terms of ultrasonication time/power, or ultracentrifugation 

time/speed. As such, individual researchers have choosen methods based on 

equipment restraints or what has been effective for their specific goals. Variability in the 

ultrasonication times, ultracentrifugation parameters, and mass-to-volume ratio of the 

initial SWCNT suspension, has a dramatic effect on the state of the suspension injected 

into a column. For example, some studies use low ultrasonication output powers 

(approximately 20 W) for as long at 20 h.121,153 On the other hand, researchers have 

also reported ultrasonication times as short as 1 min at increased power output.142 

Other groups have found a combination of bath and tip ultrasonication to be effective in 

de-bundling SDS-SWCNT suspensions before separation.69 These same variations are 

also seen in ultracentrifugation times, which have ranged from 15 min121,153 to 4 h.109 

Interestingly, Flavel and coworkers completely eliminated the ultracentrifugation step 

before SDS-SWCNT hydrogel separation.151 These variations can create significant 

differences in SWCNT length and aggregation state before interaction with hydrogel 
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adsorption sites, which is likely a key parameter in the separation process.11 Our 

experience is that these parameters also have a significant impact on the lifetime of 

specific components (e.g., column bed supports) and the reproducibility of the column.  

A final parameter of interest is the concentration of SWCNTs in the suspension 

injected into the column. It is very challenging to determine the true concentration of 

SWCNT dispersed in solution.154-156  Accordingly, many researchers simply report the 

mass-to-volume ratio of the initial suspension, most commonly as 1 mg SWCNT per 1 

mL of aqueous solution.69,121,122,142,150,153 However, a significant portion of SWCNT 

aggregates, metallic impurities, and amorphous carbon are removed during 

ultracentrifugation. Therefore, the initial concentration is unrepresentative of the final 

concentration injected into the column. Furthermore, the differences in suspension 

methods make it even more difficult to assess whether observed changes are due to 

either changes in concentration, dispersion methods, or elution parameters.  

The variability between all of these studies makes it extremely challenging to 

understand which parameter(s) have the most significant effect on selectivity, 

throughput, and purity of the resulting fractions.  The goal of this work is to use insights 

from our previous column separations to compare the quality, throughput, and 

reproducibility in the electronic sorting of SDS-suspended SWCNT under a fixed set of 

conditions for different gels. Using selected gels, we aim to understand how changes to 

the experimental system alter separation quality. To our knowledge, this is the first 

study that systematically compares the separation process by altering the key 

parameters of gel medium and SWCNT concentration. The results of this study will be a 
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significant toward tuning the selective adsorption of SWCNTs to specific separation 

goals (e.g., purity vs. throughput) and developing the method into a large-scale process.  

 
4.2 Methods 

4.2.1 Materials  

 Nanopure water (18 mΩ) was used in all experiments. Both SDS and DOC 

(>99%) were purchased from Sigma-Aldrich and used as received. HiPco SWCNTs 

were obtained from Rice University (HPR 164.1) and used as received. Several 

hydrogels were used as stationary phase in this study. These hydrogels include the 

Sephacryl series (100 HR, 200 HR, and 400 HR) and Sepharose series at both 4 and 6 

% agarose at different degrees of cross-linking (4B, 4B-CL, 4FF, 6B and 6FF). All gels 

were manufactured by GE Healthcare. Sepharose 4 and 6 FF were purchased directly 

from GE, while all other media were purchased from Sigma-Aldrich. It is important to 

note that the only major difference between each series of gel used in this study is the 

level of cross linking.  

4.2.2 Aqueous Suspension Preparation and Concentration 

Aqueous suspensions were prepared as previously described.11,109 Briefly, 30-40 

mg of raw SWCNT powder was added to 100 mL of a 1 wt % SDS solution in Nanopure 

water. This solution was mixed at 8 000 rpm (IKA T-25 Ultra-Turrax) for 30 min. After 

homogenization, the solution was allowed to rest for 10 min before ultrasonication (120 

W, Misonix S3000) to aid dispersion. The ultrasonication step was repeated a total of 3 

times to ensure a well-dispersed suspension. The solution was then ultracentrifuged for 

4 h at 20 000 rpm (53 000g) to remove metallic catalysts, amorphous carbon, and 

SWCNT bundles from solution (Beckman Coulter Optima L-80K, SW-28 rotor). The 
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resulting suspension was adjusted to the desired final concentration by dilution with a 1 

wt % SDS solution or concentrated using an Amicon 8200 ultrafiltration unit equipped 

with a regenerated cellulose membrane (30 kDa molecular weight cut-off). This size 

range allows for free surfactant molecules to pass through the filter while surfactant-

stabilized SWCNTs remain in solution. Representative absorbance and fluorescence 

spectra for the initial and concentrated suspensions used in Figure S1. The spectra 

show that both suspensions have strong fluorescence and no broadening in the 

absorption spectra of SWCNTs, indicating a high-quality suspension of individual 

nanotubes. 

 
4.2.3 Equilibrium Adsorption Isotherms 

All equilibrium adsorption experiments were completed similar to those 

previously described.11 Each medium was washed thoroughly with Nanopure water to 

remove any ethanol used for preservation. The cleaned gels were then equilibrated with 

a 1 wt % SDS solution (SDS solution/gel volume ratio of 2:1). Approximately 500 µL of 

the SDS stabilized gels were placed in separate 2.5 mL centrifuge tubes. Each replicate 

was mixed with increasing concentrations of SWCNT in a constant background 

concentration of 1 wt % SDS. After adding the SWCNT suspension, the samples were 

mixed in a vortex stirrer for 30 s before being placed in a water bath held at 25 °C for 24 

h. After equilibration, samples were centrifuged at 5000 rpm for 5 min to ensure that no 

gel remained in solution. An aliquot (300 µL) of the solution was then extracted and 

characterized by both absorbance and fluorescence spectroscopy, as described below. 
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4.2.4 Column Separations 

All column experiments were completed using low-pressure chromatography. 

Glass columns were purchased from Bio-Rad Laboratories (inner diameter of 1 cm). 

The columns were connected to a Bio-Rad Econo gradient pump using a flow adaptor. 

Each column was packed with approximately 10 mL of the desired medium. The column 

length varied between 9-11 cm, depending on the rigidity of the selected medium. After 

packing, columns were stabilized with at least 4 column volumes (CV), approximately 

40 mL, of Nanopure water to remove any ethanol used as preservative. The medium 

was then equilibrated with 4 CV of 1 wt % SDS to prepare the column for separation. 

SWCNT suspensions were injected into the column at a volume of 2 mL (20 % CV). 

SWCNT suspensions were used at a concentration of 20 µg/mL unless otherwise 

stated. After SWCNT injection, a portion of the injected sample was collected through 

elution with 1 CV of a 1 wt % SDS solution. The remaining SWCNT were collected after 

the introduction of 2 CV of a 1 wt % DOC solution. After collection of all eluted 

SWCNTs, the columns were re-equilibrated with 3 CV of 1 wt % SDS solution in 

preparation for successive separations. Each column medium was used in three 

consecutive separations to evaluate reproducibility. The collected fractions were 

characterized by absorbance and fluorescence spectroscopy, as described below. 

 
4.2.5 SWCNT Characterization 

The initial SWCNT suspensions and the supernatant extracted from the 

equilibrium studies were characterized by absorption (0.4 cm path) and fluorescence (1 

cm path) spectroscopy on an Applied NanoFluorescence Nanospectralyzer (Houston, 

TX) with excitation from 662 and 784 nm diode lasers. Effluent from the column was 
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continuously characterized in situ by use of a flow cell from Starna Cells, as previously 

described.11,109 Absorption spectra were taken every 20 s as the effluent flowed through 

the cell. Elution profiles of SWCNTs released from the column were estimated by use of 

absorbance values at 626 nm to account for the presence of both the m- and s-SWCNT 

species. Mass fractions of the collected peaks were calculated using a standard curve 

at 280 nm. This wavelength was chosen since it represents the π-plasma along the axis 

of the SWCNTs in solution and is independent of electronic type.157 

 
4.3 Results and Discussion 

As described in the introduction, published studies utilize different gels and 

contain great variability in other important separation parameters, (i.e., SWCNT and 

SDS concentration, injection volume, ultrasonication time, etc.) The inconsistency in 

these parameters makes it difficult to compare and contrast results in the literature. In 

an attempt to eliminate these factors from this comparative study, we have used a well-

defined suspension preparation strategy that minimizes processing time, resulting in 

stable suspensions dominated by mono-dispersed SDS-SWCNTs. Importantly, we have 

also standardized the initial SWCNT concentration throughout all column studies, which 

were adjusted to 20 mg/L with 1 wt % SDS after ultracentrifugation using an extinction 

coefficient of 0.043.155 Normalizing the concentration is a critical step in any attempt to 

compare the efficiencies of separation using different gels since the isotherms were 

shown to be non-Langmuir in our previous work.11 Table 1 summarizes all of the 

SWCNT suspension and elution/separation parameters used in this study. 
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4.3.1 Hydrogel Characteristics used in SWCNT Separations 

Dextran (Sephacryl) and agarose (Sepharose) hydrogels are an attractive 

material because of the ability to manufacture gels with different pore sizes and rigidity 

(see Table 2). While SEC is the mechanism of separation for many biochemical 

applications, a comparison of hydrogel pore diameter (≤ 45 nm) to average nanotube 

length (> 100 nm) confirms that SEC cannot explain the separation of SDS-SWCNTs in 

hydrogels, as described previously.11,109 Therefore, direct interaction between the 

hydrogel surface and the SDS-SWCNT complex must be the driver of separation.11 

Both dextran and agarose have similar monomeric units, as shown in Figure 1a. 

It is well understood that single strands of agarose form double helices stabilized by 

hydrogen binding, resulting in a relatively rigid structure.112 Dextran-based polymers do 

not undergo the same intermolecular stabilization that form double helices and, 

therefore, require the addition of cross-linkers, such as the widely used methylene 

bisacrylamide (MBAm). Cross-linkers are typically added to both gels (Figure 1b), which 

improves the rigidity, allowing for increased flow rates and sample throughput. The 

major difference between the gels is evident in the macro-structure that forms. While 

both gels have a coiled structure, agarose has many highly-oriented regions that may 

affect its interaction with other compounds (Figure 1c). 

As both dextran and agarose hydrogels have been used in the electronic 

separation of SDS-SWCNTs, it is reasonable to assume that the similar properties of 

the polysaccharides play a major role in the separation process. Both agarose and 

dextran contain a high concentration of hydroxyl groups that are ubiquitous throughout 

the structure (see Figure 1a). In fact, our recent mechanistic study concluded that these 

hydroxyl groups play a major role in the selective retention of s-SWCNTs.11 While no 
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mechanistic study linking the importance of hydroxyl groups on dextran gel to SDS-

SWCNT separation has been completed, it is likely that the hydroxyl groups are equally 

important due to the structural similarities with agarose.  

4.3.2 Typical Elution Profile of SWCNTs during Selective Adsorption onto 
Hydrogels 

The use of both dextran- and agarose-based gels to separate SDS-SWCNTs has 

become one of the most promising, industrially-scalable strategies for separating 

nanotubes.67,121,122 A typical elution profile during separation with Sephacryl 200 HR is 

presented in Figure 2a. After SWCNT injection, significant portions of the SWCNT are 

adsorbed onto the surface of the gel. The unabsorbed fraction passes through the 

column using 1 CV of a 1 wt % SDS solution. This initial fraction, herein labeled P1, is 

highly enriched in m-SWCNT as demonstrated by the strong absorbance in the M11 

region and decreased absorbance of the s-SWCNTs in both the S11 and S22 transitions, 

as shown in Figure 2b. Continued flow of 1 wt % SDS will not remove the adsorbed 

SWCNTs from the gel surface. The remaining SWCNTs are only eluted from the column 

after introduction of 2 CV of 1 wt % DOC. The SWCNTs collected in this fraction (P2) 

are highly enriched in s-SWCNTs, as demonstrated by Figure 2b. Other studies have 

established that large increases in SDS concentration,138,139 or other bile salts, including 

SC,109 can also remove the adsorbed SWCNTs from the gel surface.  

 
4.3.3 SWCNT Separations for Various Dextran Gels 

 Of the commercially available gels used for the separation of SDS-SWCNTs, 

Sephacryl 200 HR has been the most widely utilized.69,71,142,150 However, other dextran 

gels including Sephacryl 100 HR, 300 HR, and 400 HR have been used.68,121,153 

Kataura and coworkers were the first to report the effectiveness of this medium to 
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separate SWCNTs by electronic type.121,153 As shown in Table 2, the average particle 

size for each Sephacryl gel is 47 µm, demonstrating that there should be no 

hydrodynamic effects altering SDS-SWCNT transport through each gel.11 The only 

major structural difference between the gels is the average pore size.  

Because the largest pore size for the dextran series is 31 nm, no significant 

SWCNT diffusion through hydrogel pores will occur11 and it is reasonable to assume 

that all dextran gels should perform similarly under the same set of fixed conditions. The 

equilibrium adsorption results presented in Figure 3 support this conclusion. The slope 

of each hydrogel isotherm is different but the maximum adsorption for all gels is nearly 

identical (45 µg/g). Interestingly, the initial slope of the isotherms has a distinct pattern, 

with the SWCNTs having the strongest affinity for the surface of Sephacryl 100 HR 

followed by 200 and 400 HR. It is also critical to note that the shape of these isotherms 

are not Langmuir, similar to our previous observations in agarose gels.11 These 

isotherm shapes imply a more complex adsorption process than simple monolayer 

coverage, which should be expected once the heterogeneous nature of the initial 

SWCNT suspension is considered (i.e., lengths and diameters).  

Column separations using the dextran series as an adsorbent demonstrate 

complimentary behavior to the isotherm data, as shown in Figure 4a. Similar amounts of 

SWCNTs are eluted in both P1 and P2 fractions for each Sephacryl gel tested. Although 

there appears to be a slight increase in the amount of SWCNTs eluted in P2 as the pore 

size is increased from 6.6 (100 HR) to 31 nm (400HR), these differences are not 

statistically significant.  
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Interestingly, similar behavior is not observed when each of the collected 

fractions using the dextran series is evaluated for separation selectivity between the m- 

and s-SWCNT species. Figure 4 presents both the elution curves (Figure 4b-d) and the 

normalized absorbance spectra of the collected fractions (Figure 4e-f). The separation 

process for Sephacryl 100 and 200 HR are quite similar. In each case, the P1 fraction of 

nanotubes eluted under constant flow of 1 wt % SDS is highly enriched in m-SWCNTs, 

as illustrated by the increase in M11 transitions. This behavior is consistent with 

previously published studies using the same medium and expected considering the 

minimal differences in structure and pore size between 100 and 200 HR. Alternatively, 

the behavior of 400 HR under identical conditions is not consistent with either 100 or 

200 HR. Under constant flow of 1 wt % SDS, the P1 fraction of SWCNTs eluted is 

enriched in m-SWCNTs but also contains a significant portion of larger diameter s-

SWCNTs, as demonstrated by the significant features in the S11 or S22 optical transitions 

shown in Figure 4e.  

The change of eluent to a 1 wt % DOC solution subsequently releases the 

initially adsorbed SWCNTs. SWCNTs collected in fraction P2 have a corresponding 

enrichment of the s-SWCNT species, as shown in Figure 4f. In the case of 400 HR, the 

s-SWCNT eluted in P2 have a smaller mass fraction (Figure 4d) and show decreased 

spectral features in the corresponding abs spectra (Figure 4f), especially for the larger 

diameter semiconducting nanotubes. The loss of larger diameter s-SWCNT to the P1 

fraction is also observed in the fluorescence spectra (see Figure S2) of both fractions 

when Sephacryl 400 HR is used as the adsorbent. 
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While our previous mechanistic studies focused on agarose-based gels,11,109 it is 

likely that the mechanism of separation is analogous in dextran-based gels, considering 

the striking similarities between their structure (see Figure 1). Our prior work highlighted 

the importance of hydroxyl groups on the outside surface of the gel beads during 

separation. Considering that the dextran beads used in the separation are uniform in 

size, any changes to pore size will impact the surface area on the outside of the bead, 

which is where adsorption of SWCNTs must occur given the size discrepancy between 

the pore and nanotube length. If it assumed that the OH groups are uniformly dispersed 

on the outside of the beads, then larger pores will decrease the outer surface area and, 

hence, the number of active adsorption sites. The fact that more cross-linker and less 

dextran are used to make larger pores further reduces the number of active sites on the 

outer surface.158 Interestingly, if MBAm cross-linkers were the active adsorption sites, 

as proposed by Strano and coworkers,69 Sephacryl 400 HR should show increases in 

SWCNT retention in both column and batch systems. However, the opposite behavior is 

observed with Sephacryl 400 HR retaining much less SWCNT than other members of 

the dextran series. This is compelling evidence that the MBAm cross-linkers do not 

function as the active adsorption sites during the separation process. On the other 

hand, these results support the importance of the hydroxyl groups during separation 

since Sephacryl 400 HR has less alkyl dextran (adsorption sites) than both Sephacryl 

100 and 200 HR. The reduction in active sites lowers the amount of SWCNTs retained 

during separation, leading to s-SWCNT contamination in the metallic fraction P1. This 

change in selectivity is likely not seen when shifting the gel medium from 100 HR to 200 

HR because the small increase in average pore size (from 6.6 to 7.7 nm) and 
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subsequent change to the number of active adsorption sites is insufficient to alter 

SWCNT retention.  

4.3.4 SWCNT Separations for Various Agarose Gels 

Although Sephacryl 200 HR has been one of the most widely used hydrogels in 

SDS-SWCNT separations, several variations of agarose gels have also been 

successfully utilized.69,122,141  It has been reported that agarose-based gels retain more 

SDS-SWCNTs than their dextran-based counterparts in both batch and column 

studies.11,109,142,150 The elution curves in Figure 5 confirm this behavior. Under identical 

elution conditions, the total area and intensity of fraction P1 is greatly reduced when the 

medium is changed from a dextran- to an agarose-based gel. Additionally, while the 

overall area of fraction P2 increases with agarose gels, the peaks also become much 

broader. The broad shape of these peaks may be indicative of the increased volumes of 

1 wt % DOC needed to remove adsorbed nanotubes from the gel surface. This 

phenomenon is likely explained by the increased adsorbtivity of SDS-SWCNT for 

agarose over dextran gels, as previously described.122,142 

Much like dextran-based gels, agarose-based gels known as Sepharose are 

manufactured with a variety of specifications by altering the percentage of agarose in 

the matrix as well as the level of cross-linking between polymers. For example, 

Sepharose 4B is a beaded matrix of minimally cross-linked 4 % agarose. Increased 

cross-linking of the agarose matrix improves the rigidity of the structure, allowing for 

higher flow rates and increased throughput in traditional chromatographic separations. 

The level of cross-linking in agarose is given by Sepharose 4B < Sepharose 4B-CL < 

Sepharose 4 FF. The cross-linker has a limited effect on the pore size as it is primarily 

driven by the percentage of agarose in the beads shown in Table 2 (i.e., 4 %). 
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Interestingly, the 4 % Sepharose series show elution characteristics that depend on the 

amount of cross-linking in the matrix. Figure 6a is the average mass fractions of 

SWCNTs eluted in each gel after three separations. It is clear that there is a significant 

increase in the retention of injected SDS-SWCNTs as the amount of cross-linking is 

increased from 4B to 4B-CL as evident by the behavior of fraction P1 and the elution 

curves in Figures 6b-c. However, minimal changes are observed in the mass fraction 

and elution curves upon further addition of the cross-linking agent from 4B-CL to 4 FF, 

as shown in Figure 6d. 

Figure 6e shows that separations based on Sepharose 4B do not yield selectivity 

as high as those seen in the Sephacryl 100 or 200 HR systems. While there is 

enrichment of the m-SWCNT species relative to the initial suspension, the strong 

features in the near-infrared spectrum indicate that a wide range of s-SWCNTs are 

eluted as well. Although some selectivity has been demonstrated using this minimally 

cross-linked material in constant flow systems,122,141,142 Sepharose 4B does not appear 

to be fit for industrial-scale flow-through separations. Once the parent Sepharose 4B 

material is cross-linked, significant changes to the selectivity are observed in the 

associated absorbance spectra in Figures 6e-g. Although fraction P1 is significantly 

reduced in terms of mass in the elution profile (see Fig. 6a-d), the collected fraction is 

highly purified in m-SWCNTs. The absorbance spectra in Figures 6f-g show that the M11 

absorbance transitions are substantially higher than the initial suspension and show 

considerably higher peaks than observed with any of the dextran-based gels.  Purity 

assessment for these ultra high purity m-SWCNT fractions is extremely challenging 

using traditional spectroscopy.159  The dramatic decrease in absorbance in the S22 
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transitions, as well as the complete loss of spectral features in the S11 transitions 

indicate purity levels exceeding 98 % as previously proposed by Tulevski and 

coworkers.159 

While the SWCNTs collected in fraction P2 do show some enrichment in the s-

SWCNT types, a significant fraction of m-SWCNT contamination is observed. 

Therefore, the highly cross-linked agarose series appear to strongly adsorb the 

SWCNTs. Indeed, a large portion of the injected nanotubes are retained onto the gel 

under the initial elution with 1 wt % SDS. This strong adsorption yields highly pure 

fractions of m-SWCNTs but at the expense of contaminating the s-SWCNT fraction 

eluted with DOC.  

Increasing the amount of agarose to 6% yielded similar observations with respect 

to the elution profiles, selectivity, and the role that cross-linking had on the results (see 

Figures S3 and S3). The 6% agarose series retains fewer SWCNTs than the 4% series, 

which is consistent with previously reported retention behavior.11,122  As Figure 7 

demonstrates, the Sepharose 6 FF matrix yielded highly pure (> 98 %) m-SWCNT 

fractions similar to those collected with Sepharose 4 FF. The P1 fraction is a highly pure 

m-SWCNTs fraction that shows no s-SWCNT contamination even in the fluorescence 

spectrum (not shown). However, a portion of the m-SWCNTs are adsorbed to the gel 

and are only removed with DOC elution. As a result, the P2 fraction shows M11 

absorbance, indicating m-SWCNT contamination within the s-SWCNT fraction. The 

decrease in retention of SDS-SWCNTs as the amount of agarose in the matrix 

increases may seem counterintuitive; however, the behavior is likely driven by changes 

to the structural domains of agarose at higher concentrations.11 Interestingly, the 
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average pore size of both Sepharose 4 and 6 FF are similar to Sephacryl 400 HR. 

Despite the similar dimensions, the agarose matrices are highly selective while the 

Sephacryl 400 HR matrix is not. These characteristics also highlight the importance of 

the major structural differences between the dextran and agarose polymers (See Figure 

1). It appears that the intramolecular stabilization that results in double helix formation in 

agarose has a major impact on how the SDS-SWCNTs interact with the hydrogel during 

separation even when the base units are strikingly similar. 

4.3.5 Lifetime of Hydrogels from Repetitive Separations  

A remaining question in developing the large-scale separation of SDS-SWCNTs 

is the stability and lifetime of the hydrogels under repeated use. When shipped from the 

manufacturer, both agarose- and dextran-based gels have a clean white color. The 

intensity of this color is dependent mostly on the amount of dextran or agarose present 

in the gel, i.e., 4 vs 6 %. After interaction of SDS-SWCNTs through the selective 

adsorption process, the gels begin to darken. Even after washing with high 

concentrations of SDS or DOC, a portion of the SWCNTs remain on the gel. It is likely 

that the source of this contamination is a combination of amorphous carbon, bundled 

SWCNTs, or irreversibly-retained s-SWCNTs that clog the gel.65,109  Regardless of the 

source, gel stability and lifetime remains a serious obstacle in the future implementation 

of this method at an industrial scale. 

In order to evaluate the durability of the gel under repeated use, three SWCNT 

separations were completed on each gel in series. The results of these successive 

separations are presented in Figure 8. While some decrease in retention is expected 

throughout the lifetime of the column, the results show that lowered retention occurs 

immediately after the first separation. Figure 8a shows how the elution profile of 
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Sephacryl 200 HR changes after three successive separations. Even after re-stabilizing 

the gel with 3 CV of 1 wt % SDS, the overall retention of all SWCNTs injected into the 

column drops considerably. This decrease in affinity is not likely because of residual 

DOC on the gel since bile salts do not have higher affinity for hydrogels than SDS and 

copious washing of the gel between separations with both water and 1 wt % SDS will 

remove any residue not covalently bonded to the matrix.11 In general, the effect of 

repeated use shows much less significant decreases in retention for the agarose-based 

gels, as shown in Figure 8b. In the case of Sepharose 6 FF, there is only a marginal 

difference from the initial separation after successive separations using the same 

column. Although the difference is more pronounced for the SWCNTs eluted in fraction 

P1, this is not entirely unexpected as agarose has repeatedly shown a higher net 

adsorbtivity for SDS-SWCNT than dextran.122,142 Figure 8c shows the most dramatic 

change to the elution profiles from consecutive separations when using the minimally 

cross-linked Sepharose 4B as the adsorbent. After re-stabilizing the gel with at least 3 

CV of 1 wt % SDS, a subsequent separation using the same column and adsorbent 

causes a drastic loss in the ability of the gel to separate the injected SDS-SWCNTs. 

The elution curve becomes irregular and shows large increases in retention time for 

fraction P2. We attribute these dramatic loses to the collapse of the gel structure under 

these pressures due to the minimal amount of cross-linking. While other studies have 

not reported such drastic changes when using either Sepharose 4B or 6B under low 

flow conditions, we anticipate that the internal pressure caused by our pumping system 

caused considerable collapse of the gel.  
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4.3.6 Effect of Altering the SWCNT Loading 

Perhaps the most glaring inconsistency between published reports of the 

hydrogel-based separations of SDS-SWCNTs is the role that SWCNT concentration has 

on purity. While several studies have attempted to elucidate the effects of 

ultrasonication time, ultracentrifugation time, and loading volumes on the effectiveness 

of the hydrogels for electronic type separation, many of these studies neglect the fact 

that variations to the suspension method will have an effect on the overall concentration 

of SDS-SWCNTs injected into the column. This inconsistency makes direct comparison 

between research labs difficult.  

To evaluate the effect of SWCNT concentration on the product purity, the initial 

SDS-SWCNT suspension was concentrated. These concentrated suspensions were 

injected into columns packed with Sephacryl 200 HR using SDS-SWCNT 

concentrations ranging from 20 to 70 µg/mL. Figure 9a shows that there is little change 

in the mass eluted in both P1 and P2 fractions as the concentration of SDS-SWCNTs is 

systematically increased. While there may be slight increases in the amount of 

SWCNTs collected in fraction P1 and corresponding decreases in the SWCNT collected 

in fraction P2, these changes are not statistically significant. Even as the total mass of 

SWCNTs eluted in each fraction remains constant, there are significant changes to the 

purity of each fraction as seen by the absorbance spectra presented in Figure 9b and 

9c. While an enrichment of m-SWCNTs is observed at every loading concentration, 

there is clearly an increase in the amount of s-SWCNT contamination eluted with the m-

SWCNT fraction in both absorbance (Figure 9b) and fluorescence (see Figure S5) as 

the initial loading concentration is increased. On the other hand, Figure 9c shows that 
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there is very little difference in the purity of the s-SWCNTs collected in fraction P2. 

Using an approach similar to Hirano et al.,122 the purity of each fraction can be 

estimated from the peak ratios in the M11 and S11 regions, such as the raw absorbance 

values at A510 and A1120. Using an unpurified sample, a baseline ratio of approximately 

1.1 can be computed, as shown by the dashed line in Figure 9d. An increase in this 

ratio is indicative of an enrichment of m-SWCNTs in the analyzed fraction while a 

decreased ratio demonstrates enrichment of the s-SWCNT species relative to the initial 

suspension. At the lowest loadings of SDS-SWCNTs, the ratio for fraction P1 is over 2 

times higher, indicating a substantial enrichment of m-SWCNT species. However, the 

ratio steadily decreases as the loading concentration of SDS-SWCNT is increased, 

indicating contamination of s-SWCNTs within the fraction. An analysis of the peak ratios 

in fraction P2 shows a consistent enrichment of s-SWCNTs at any nanotube loading. 

4.3.7 Selecting a Hydrogel for SWCNT Separations 

Evaluating the quality and efficiency of hydrogel-based separations of SWCNTs 

is a complex task. The competing effects of fraction purity, sample throughput, and gel 

stability must be evaluated in order to properly choose a hydrogel for separation. A 

summary of these findings for the hydrogels used in this study are presented in Table 3. 

The results of this study indicate that the choice of a suitable hydrogel for the separation 

of SWCNTs is dependent upon the proposed use of the separated material. For 

example, all highly cross-linked agarose gels (4B-CL, 4 FF and 6 FF) create highly pure 

fractions of m-SWCNTs under the separation conditions used here. Additionally, these 

gels are highly stable as evident by their increased stability and column lifetime. 

However, the throughput of m-SWCNT using these columns is extremely low, requiring 

more starting material to be processed to obtain a substantial amount of separated 
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material.  The failure of the Sepharose 4B after the first separation highlights the 

importance of cross-linking in establishing a large-scale process. While the use of highly 

cross-linked agarose gels obtains very pure m-SWCNT fractions, the corresponding s-

SWCNT fraction contains m-SWCNTs because of the high affinity of nanotubes to 

agarose (see Figures 6 and S4). On the other hand, both Sephacryl 100 and 200 HR 

create relatively pure fractions of both the m- and s-SWCNT species. Unfortunately, 

each of these gels is more susceptible to degradation over successive separations. As 

Sephacryl 100 and 200 HR are repeatedly used, the purity of the m-SWCNT fraction 

degrades considerably as s-SWCNTs cease to adsorb onto the dextran and elute in 

fraction P1. This behavior is likely due to a portion of the SDS-SWCNT becoming 

irreversibly adsorbed to the column during elution, thereby decreasing the amount of 

adsorption sites available for subsequent separations. While the purity of the m-SWCNT 

fraction degrades over continued use, the purity of the s-SWCNT fraction remains 

relatively constant as m-SWCNT are not retained in the column. Finally, it appears that 

minimally cross-linked agarose gels (Sepharose 4B, 6B) and dextran-based gels with 

larger pore size (Sephacryl 400 HR) are not selective in the separation of SDS-

SWCNTs, at least not under the elution conditions used here. 

 4.4 Closing Remarks 

The development of a high-quality and scalable method to separate SWCNTs is 

still needed. Although selective adsorption with hydrogels is a promising large-scale 

method, great variation in hydrogel selection and SDS-SWCNT suspension strategies 

have been extensively reported in the literature. These inconsistencies make it difficult 

to determine whether changes in dispersion state or the elution protocol are responsible 

for the reported observations. In this study, we have compared the quality, throughput, 
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and stability of the separation process under a fixed set of suspension preparation and 

elution conditions. The dextran-based gels Sephacryl 100 and 200 HR yield the best 

overall separation of m- and s-SWCNTs with high throughput, especially during its initial 

use. However, the purity of these separations rapidly decreases with continued gel use. 

The highly cross-linked agarose-based gels are more stable but also have some 

degradation in performance with continued use. Importantly, these gels result in higher 

purity m-SWCNT fractions than the dextran-based gels. The results support the 

conclusion that hydroxyl groups are an integral part of the adsorption of SWCNTs onto 

the hydrogel surface. In addition, the formation of double helices by agarose seems to 

strengthen this interaction. In all cases, a portion of the initially injected SDS-SWCNT 

suspension is irreversibly retained on the gel. This results in a reduction of adsorption 

sites for the selective adsorption of s-SWCNTs during subsequent separations, 

significantly hindering reproducibility. The initial concentration of SDS-SWCNTs injected 

into the column is also a key parameter that affects the quality of the separation. Higher 

concentrations of injected SWCNTs degrade the purity of the metallic fraction as the 

active sites for adsorption become overwhelmed. The degradation of the adsorption 

sites with increased concentration and repeated use raises concerns regarding gel 

stability and lifetime. In order to develop large-scale separations, a simple method to 

clean the hydrogels after each use is needed. 
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Table 4-1.  Parameters used for all elution studies. 

Experimental Parameter Experimental Factor Value 

Suspension Parameters 

 
Initial SWCNT loading 0.3-0.4 mg/mL 
 
SDS concentration 1 wt % 
 
Homogenization time 30 min 
 
Homogenization speed 8 000 rpm 
 
Ultrasonication time 10 min (3X) 
 
Ultrasonication power 120 W 
 
Ultracentrifugation time 4 h 
 
Ultracentrifugation gravity 53 000 g 
 
Filtration membrane cut-off 30 kDa 
 
Final SWCNT concentration 
after dilution 20 mg/L 

 
  

Elution Parameters 

 
Gel packing 10 mL 
 
Column ID 1 cm 
 
SWCNT loading 20 % CV 
 
1 wt% SDS eluent volume 1 CV 
 
1 wt% DOC eluent volume 2 CV 
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Table 4-2.  Physical parameters of hydrogels used in this study.  Pore sizes reported by 
Hagel et al.113 

Base Unit Medium 

Average Particle 

Size (µm) 

Average Pore 

Size (nm) 

Dextran Sephacryl 100 HR 47 6.6 

Dextran Sephacryl 200 HR 47 7.7 

Dextran Sephacryl 400 HR 47 31 

Agarose Sepharose 4B 45-165 —  

Agarose Sepharose 4B-CL 45-165 42 

Agarose Sepharose 4FF 45-165 45 

Agarose Sepharose 6B 45-165 — 

Agarose Sepharose 6FF 45-165 29 
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Figure 4-1.  Physical and chemical structure of the hydrogels used in this study, 

including A) monomeric units and B) cross-linking units added to increase 
structural stability, and the resulting C) macrostructure of both dextran and 
agarose gels. Notice that only agarose forms a double helix structure.  

 

A 

B 
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Figure 4-2.  Separation of 1 wt % SDS-SWCNT suspension with a stationary phase of 

Sephacryl 200 HR. A) Typical elution profile of SWCNT fractions collected 
during separation. The SWCNT suspension is injected at time zero. The 

elution curve plots the raw absorbance of effluent normalized by the 
absorbance of the initial suspension (λ = 626 nm) to account for the presence 
of both m- and s-SWCNT species. B) Normalized absorbance spectra (λ = 
626 nm) for the initial suspension and effluent collected in both peaks 1 (P1) 
and 2 (P2).  

 
 
 
 

B 

A 
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Figure 4-3.  Equilibrium adsorption isotherms for 1 wt % SDS-SWCNT suspension on 

dextran-based hydrogels. Note that the equilibrium concentration (Ceq) is 
given in milligrams per liter while the amount of adsorbed SWCNTs is given in 
micrograms per gram.  
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Figure 4-4.  Retention behavior of 1 wt % SDS-SWCNT suspension using dextran-

based hydrogels. A) Comparison of the mass fraction of SWCNTs eluted in 
P1 and P2 fractions during separation. B-D) Elution curves of SWCNTs in 
columns with a stationary phase of Sephacryl 100, 200 and 400 HR, 
respectively. E-F) Normalized absorbance spectra (λ = 626 nm) for the initial 
suspension and effluent collected in both P1 and P2 fractions for each 
stationary phase in the dextran series. Notice the s-SWCNT contamination in 
fraction P1 when Sephacryl 400 HR is used as the stationary phase. 
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Figure 4-5.  Elution curves of 1 wt % SDS-SWCNT suspensions with different 

hydrogels. Notice the decreased intensity and peak area of fraction P1 as the 
stationary phase changes from dextran- to an agarose-based gel. 
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Figure 4-6.  Retention behavior of 1 wt % SDS-SWCNT suspension using 4 % agarose-

based gels. A) Comparison of the mass fraction of SWCNTs eluted in P1 and 
P2 fractions during separation. B-D) Elution curves of SWCNTs in columns 
with a stationary phase of Sepharose 4B, 4B-CL, and 4 FF, respectively. E-F) 
Normalized absorbance spectra (λ = 626 nm) for the initial suspension and 
effluent collected in both P1 and P2 fractions for columns with a stationary 
phase of Sepharose 4B, 4B-CL, and 4 FF, respectively. Note that the 
absorbance data collected in fraction P1 for the highly cross-linked gels (4B-
CL and 4 FF) has been smoothed to minimize noise as a result of the low 
concentrations of SWCNT collected.  
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Figure 4-7.  Normalized absorbance spectra (λ = 626 nm) for the initial suspension and 

effluent collected in both P1 and P2 fractions for columns with a stationary 
phase of Sepharose 6 FF. Note that the absorbance data collected in fraction 
P1 for the highly purified m-SWCNTs has been smoothed to minimize noise 
as a result of the low concentration of SWCNT collected. 
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Figure 4-8.  Changes to retention behavior of 1 wt % SDS-SWCNT suspension during 

three consecutive separations for different hydrogels. After collection of 
fraction P2, each column was re-stabilized with 3 CV of 1 wt % SDS in 
preparation for the next separation. Elution curves of SWCNTs in columns 
with a stationary phase of A) Sephacryl 200 HR, B) Sepharose 6 FF, and C) 
Sepharose 4B. Note that the drastic changes in elution curves for Sepharose 
4B is attributed to the collapse of the gel structure  
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Figure 4-9.  The effect of SWCNT loading concentration on the retention behavior of 1 

wt % SDS-SWCNT suspension using Sephacryl 200 HR as the stationary 
phase. A) Comparison of the mass fraction of SWCNTs eluted in P1 and P2 
fractions during separation. Normalized absorbance spectra (λ = 626 nm) for 
the initial suspension and effluent collected in both B) P1 and C) P2 fractions. 
D) The effect of SWCNT loading concentration on the purity of the eluted P1 
and P2 fractions. Purity is qualitatively evaluated using a ratio of raw 
absorbance at 510 nm and 1120 nm, which has a value of approximately 1.1 
for the initial suspension. A ratio above and below 1.1 indicates metallic and 
semiconducting rich SWCNT fractions, respectively.
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Table 4-3.  Comparison of hydrogel attributes in the separation of 1 wt% SDS-SWCNTs through selective adsorption. The 
signs (+) and (-) indicate benefits and limitations, respectively.  

 
 Medium Metallic Fraction (P1) Semiconducting Fraction (P2) 

Gel 
Stability 

Adsorption 
Strength 

 Purity Throughput Reproducibility Purity Throughput Reproducibility 
  

Sephacryl 100 HR + + - ++ ++ + + + 

Sephacryl 200 HR + + - ++ ++ + + + 

Sephacryl 400 HR -- + -- -- + -- + + 
Sepharose 4B -- + -- -- + -- -- + 

Sepharose 4B-CL ++ - + - ++ + ++ +++ 

Sepharose 4FF ++ - + - ++ + ++ +++ 
Sepharose 6B -- + -- -- + -- -- ++ 

Sepharose 6FF ++ - + - ++ + ++ ++ 
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CHAPTER 5 
EFFECTS OF THE ELECTRONIC CHARACTER OF SINGLE-WALL CARBON 

NANOTUBES ON THE BIOLOGICAL RESPONSE OF A FRESHWATER GREEN 
ALGAE 

 
5.1 Background  

Since their discovery, single-wall carbon nanotubes (SWCNTs) have been 

extensively researched by both scientists and engineers due to their unique properties 

(e.g. strength, high adsorption capacity, controllable conductivity, etc.) and their 

potential to be used in for both industrial applications and consumer products.12 

However, as is the concern for all emerging technologies, increased production and 

subsequent inclusion of SWCNTs in consumer products would likely lead to increased 

environmental and human exposure. Upon introduction to waste streams, SWCNTs 

could reach natural systems and potentially interact with ecological receptors and 

impact the biosphere. In fact, aquatic systems, such as rivers and lakes, behave as 

primary environmental sinks by integrating pollutants from atmospheric deposition, 

terrestrial surface runoffs, and groundwater discharges, raising concerns as to potential 

effects of SWCNTs that might accumulate in these systems.160,161 

Over the last decade, significant research has been conducted to evaluate the 

potential toxicity of SWCNTs80,162-167 However, published results on the toxic effects of 

SWCNTs have been rather controversial, in that, for the same test organism, some 

studies point to severe acute toxicity while others show little to no toxic effect.168-170  In 

fact, such inconsistencies are common in the burgeoning field of nanotoxicology. With 

no standardized methods on how to evaluate the potential consequences of organism’s 

exposure to the different types of engineered nanomaterials, different research groups 

are left to determine which traditional tests best fit their needs.  Assessing the potential 
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toxicity of SWCNTs is further complicated when one considers the wide variety of 

surface modifications, particularly the use of surfactant molecules, to aid SWCNT 

dispersion in aqueous media.33  Researchers have used a large number of amphiphilic 

molecules for SWCNT stabilization including traditional surfactants like sodium dodcyle 

sulfate, bile salts including sodium cholate, or nonionic surfactants and polymers such 

as plurionc acids. While SWCNTs may have negative biological impacts on aquatic 

organisms themselves, several surfactants commonly used in SWCNT stabilization 

have also proven to be acutely toxic to aquatic organsisms.161  Therefore, any attempt 

to elucidate the toxicity of SWCNT must first evaluate the potential for used surfactant to 

contribute toxicity.  Furthermore, the variability in the character of “as produced” 

SWCNTs (i.e, stabilizing agents, length, diameter, electronic type, etc.) adds another 

level of complexity which has implications for toxicity studies. 

A great deal of work has been completed attempting to understand the effects of 

SWCNT stabilizing agents, length, diameter, and levels of residual metal catalysts on 

the biological responses of test organisms.  In contrast, very little research has been 

conducted on the role of SWCNT electronic type (i.e., metallic (m-) or semiconducting 

(s-)) in the potential toxic response. To our knowledge, only one study, using E. Coli as 

test organism, directly investigated the toxicity of metallic and semiconducting 

SWCNTs, following a separation of m-SWCNT and s-SWCNT species by density 

gradient ultracentrifugation.81 However, the efficiency of the method used in the above 

study to produce large quantities of sufficient quality m-SWCNT and s-SWCNT fractions 

has not been well-established. In fact, current research on large scale separation of m-

SWCNT and s-SWCNT fractions relies on the selective adsorption of SWCNTs on 
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hydrogels surfaces during column separation.65,66  Our research team has been working 

to understand the mechanisms of SWCNT separation using hydrogel columns in order 

to scale up the process for industrial applications.11,109  As a result, we have been able 

to produce SWCNT fractions of sufficient purity and concentration for use in toxicity 

studies.   

The goal of this study is therefore to investigate the potential adverse effects of 

as prepared SWCNTs mixtures, and well separated fractions of SWCNTs by their 

electric character on a model aquatic organism, the freshwater green algae, 

Pseudokirchneriella subcapitata.  This is the first study that combines SWCNT 

separation by hydrogel selective adsorption and toxicity assessment. Using comparative 

laboratory studies, the biological response of P. subcapitata exposed to (i) as produced 

SWCNTs (mixture), (ii) m-SWCNTs, and (iii) s-SWCNTs was evaluated to determine 

differences in biological impact. 

 
5.2 Methods 

5.2.1 Materials 

Nanopure water (18 mΩ) was used in all experiments. Surfactants (>99%), 

including sodium dodecyl sulfate (SDS) and sodium cholate (SC) were purchased from 

Sigma Aldrich and used as received.  HiPco SWCNTs were obtained from Rice 

University (HPR 164.1) and used as received.  Hydrogels used for separation of initial 

SWCNT suspensions were Sepharose 6 FF, and Sephacryl 200 HR.  Both gels are 

manufactured by GE, but Sephacryl 200 HR was purchased from Sigma Aldrich.  

.  
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5.2.2 Aqueous Suspension Preparation 

Aqueous suspensions were prepared as described previously.11,88,109  Briefly, 30 

to 40 mg of raw SWCNT powder were added to 100 mL of a 1 wt % desired surfactant 

solution prepared in Nanopure water.  The suspension was mixed at 8000 rpm (IKA T-

25 Ultra-Turrax) for 30 min.  After homogenization, the solution was allowed to rest for 

10 min before ultrasonication (120 W, Misonix S3000) to improve the dispersion quality.  

The ultrasonication step was repeated 3 times to ensure a well dispersed suspension.  

Nanotube bundles were then removed from the suspensions by ultracentrifugation 

(Beckman Coulter Optima L-80K, SW-28 rotor) for 4 h at 20000 rpm (53000g).  The 

supernatants containing well-suspended SWCNTs were characterized by absorbance 

and fluorescence spectroscopic methods as described below.   

5.2.3 Surfactant Exchange on SWCNT Surfaces 

To produce large quantities of the different electronic fractions of SWCNTs using 

hydrogels, suspensions prepared in SDS were necessary.66,67 However, our previous 

study has shown that SDS alone is highly toxic to several aquatic organisms including 

P. subcapitta, the model organism to be used in this study.161 Therefore, following the 

separation of the SWCNT fractions, an extra step was used to remove the toxic SDS 

surfactant from SWCNT suspensions and replace it with sodium cholate (SC), which is 

less toxic to P. subcapitata.  Surfactant exchange and concentration was achieved 

using an Amicon 8200 ultrafiltration cell equipped with a regenerated cellulose 

membrane (MW cut-off 30 kDa).  This system allows for SDS molecules to pass through 

the membrane under a pressure head of ultra-high purity nitrogen gas.  After an initial 

concentration step, the suspension was mixed with approximately 150 mL of a 1 wt % 

SC solution and stirred for at least 20 minutes to allow for equilibration.  Introduction of 
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a 1 wt % SC solution to the previously concentrated SWCNT suspension creates a 

concentration gradient resulting in an energetic driving force removing SDS from 

SWCNT sidewalls to equilibrate with the surrounding solution.  Simultaneously, the SC 

in solution was driven to equilibrate with the SWCNT sidewalls.  Several ultrafiltration 

passes eliminated SDS from the SWCNT sidewalls while keeping a well dispersed 

suspension in 1 wt % SC.  These concentration and dilution procedures were then 

repeated at least three times having a serial dilution effect removing SDS from 

nanotubes sidewalls and replacing it with SC.  After surfactant exchange, stabilized 

fractions were characterized as described below.  

 
5.2.4 SWCNT Separation into m-SWCNTs and s-SWCNTs 

All column experiments were completed using a method adapted from Kataura 

and coworkers,65,66 and as described in our previous publications.11,109  Glass columns 

purchased from Bio-Rad with inner diameter of 2.5 cm were used in all studies.  The 

columns were connected to a Bio-Rad Econo gradient pump using a flow adaptor.  

Each column was packed with approximately 40 mL of the desired medium. Column 

length was approximately 8 cm in height based on the on the rigidity of the medium 

used in separation.  After packing, columns were stabilized with at least 4 column 

volumes (CV), approximately 160 mL, of Nanopure water to remove any ethanol used 

as preservative or potential containments not covalently bonded to the matrix. The 

medium was then equilibrated with 4 CV of 1 wt % SDS to prepare the column for 

separation. SWCNT suspensions were injected into the column at a volume of 8 mL (20 

% CV).  It is critical to note that the original suspension must be suspended in SDS for 

this separation process to be affective.66,67  After suspension injection, 1 CV of 1 wt % 
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SDS was passed through the column at a constant flow rate of 1 mL/min.  Using this 

eluent, a portion of the suspension highly enriched in m-SWCNTs is eluted from the 

column and collected. The remaining adsorbed nanotubes were eluted from the column 

by changing the eluent to a 2 wt % SC solution.  This portion of collected nanotubes is 

highly enriched in the s-SWCNT species.  After each run, the column was re-stabilized 

with at least 3 CV of 1 wt % SDS in preparation for subsequent separations.  All 

collected fractions containing either m-SWCNTs or s-SWCNTs were combined and 

concentrated using the Amicon ultrafiltration cell as described in the previous section to 

produce fractions at appropriate concentration and surfactant background for use in 

toxicity studies.  These fractions were characterized with absorbance and fluorescence 

spectroscopy as described below.   

5.2.5 SWCNT Characterization 

The initial SWCNT suspensions (i.e. mixtures of m-SWCNTs and s-SWCNTs) 

and separated fractions were characterized by absorbance, (0.4 cm path) and 

fluorescence (1 cm path) spectroscopy. Absorbance and fluorescence measurements 

were completed on an Applied NanoFluorescence Nanospectralyzer (Houston, TX) with 

excitation from 662 and 784 nm diode lasers.  Effluent from the column was 

continuously characterized in situ by use of a flow cell from Starna Cells.11,109  

Absorption spectra were taken every 20 s as the effluent flowed through the cell. Elution 

profiles of SWCNTs released from the column were estimated by use of absorbance 

values at 626 nm to account for the presence of both the m-SWCNT, and s-SWNCT 

species.  Concentrations of initial suspensions, and concentrated fractions used in this 

study were characterized using absorbance measurements at 280 nm. This wavelength 
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has been chosen as it represents the π-plasma along the axis of the SWCNTs in 

solution, and is independent of electronic type.157 

 
5.2.6 Algal Growth in SWCNT Containing Culture Media 

Pure cultures of P. subcapitata were obtained from Hydrosphere Research 

(Alachua, FL) and cultivated under constant light exposure at room temperature. Algal 

toxicity tests were conducted as described by Youn et al.,88 and adapted from the U.S. 

Environmental Protection Agency (USEPA) P. subcapitata 96-h growth inhibition 

method 1003.0.171  In dose-exposure studies, a given volume of a sterilized culture 

medium was transferred to separate 150 mL Erlenmeyer flasks that had been sterilized 

by autoclaving.171  Individual flasks were spiked with increasing aliquot volumes of 

appropriate SC-suspended SWCNT to produce a SWCNT concentration gradient.  

However, this approach results in increasing background SC concentration, therefore, 

adding a second variable in addition to changing SWCNT concentrations. Accordingly, 

SC concentrations in all culture media were maintained constant by adding necessary 

aliquot volumes of the SC stock solution to each treatment prior to bringing the final 

volume to 50 mL using the culture medium solution.  Following vigorous mixing, each 

flask was inoculated with 1 mL of pure algal suspension.  All growth experiments were 

conducted in quadruplicate and under continuous illumination (~86 µEm-2s-1). 

Changes in chlorophyll a (Chl-a) concentrations were used as indicator of general 

biological responses and were monitored over time using a Turner Quantech Digital-

Filter Fluorometer.  Average algal growth rates determined from control samples were 

used as reference values to compare to the growth rates determined from the different 

SWCNT-treated culture media.   
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5.3 Results and Discussion 

5.3.1 Initial Screening of Surfactant Toxicity 

Any attempt to elucidate the potential for SWCNTs to cause toxicity to test 

organisms must first evaluate the potential of surfactant used in SWCNT dispersion to 

affect biological response.  In order to determine the potential biological impact of 

surfactants used in this study to effect algal growth, an initial surfactant screening was 

completed.  The results of a screening study designed to determine the concentrations 

of SDS and SC that do not impact the growth of P. subcapitata in SWCNT-free growth 

media are presented in Figure 1.  When using SDS as dispersing agent for SWCNTs, a 

1 wt % SDS solution corresponds roughly to a molar concentration of ~36 mM.  Figure 

5-1a shows that all tested SDS concentrations negatively impacted the growth of P. 

subcapitata.  For instance, a SDS concentration of 0.075 mM resulted in algal growth, 

that was 50% less than levels observed in control treatments (Figure 5-1a).  Therefore, 

SDS should not be used as SWCNT stabilizing agent in suspensions prepared for the 

determination of intrinsic toxicity of SWCNTs. In contrast, the results of the 

concentration range finding study using SC as surfactant show that toxicity to P. 

subcapitata is expressed only for SC concentrations  > 4 mM (Figure 5-1b).  Therefore, 

all toxicity studies presented in this study using SC suspended SWCNTs have been 

completed in culture media with SC background concentration < 4 mM in order to 

assess the biological impact of SWCNTs and not that of the surfactant used in 

dispersion. 
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5.3.2 Biological Response of Test Organism Exposed to as Prepared SWCNTs 

Following the determination of the adequate background concentrations of SC 

needed for toxicity studies, the effect of non-separated SWCNTs (i.e. combined mixed 

m- and s-SWCNTs) on P. subcapitata growth was evaluated. The results are presented 

in Figure 5-2. The background SC concentration in these experiments was 1mM, which 

is less than 4mM, identified as threshold SC concentration (Figure 5-1b).  It is clear from 

Figure 5-2 that algal growth decreased with increasing SWCNT concentration.  

Concentrations of SWCNTs at and above 0.25 mg/L show significant biological impact, 

with a dose of  0.75 mg/L inhibiting ~50% of algal growth.  These results are consistent 

with previously published data using P. subcapitata and SWCNTs dispersed in either 

SC,88 or other non-toxic surfactants.164   

 
5.3.3 Separation of SDS-SWCNTs to Produce m-SWCNT and s-SWCNT Fractions 

As described in the methods sections, the separation of SWCNTs using 

hydrogels must use SDS as a dispersant for proper application.66,67  Accordingly, 

representative spectra of SDS-SWCNT suspensions used in this study show a well 

dispersed system characterized by a great deal of mono-dispersed SWCNTs. (Figure 

C-1)  A typical profile for the column separation of a SDS-SWCNT suspension is 

presented in Figure 5-3.  The elution profile shown in Figure 5-3a is obtained by in situ 

measurement of absorbance at 626 nm as SWCNTs are eluted from the column.  This 

wavelength is chosen in order to account for the presence of both the m-SWCNT and s-

SWCNT species as they absorb strongly in different spectral regions. The normalized 

absorbance spectra of collected SWCNT fractions using this method are presented in 

Figure 5-3b.  The first fraction (P1) eluted under flow of 1 wt % SDS is highly enriched in 
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m-SWCNTS  relative to the initial suspension as evidenced by the strong absorbance in 

the 400-620 nm range, and which can be attributed to the M11 transitions of the m-

SWCNT species.  The remaining SWCNTs are eluted from the column through 

introduction of a 2 wt % SC solution.  The SWCNTs collected in this fraction, (P2) are 

highly enriched with the semi conducting s-SWNCTs, as shown by the strong 

absorbance in both the S11 (900-1350 nm) and S22 optical transitions (650-850 nm).  

While selective absorption using hydrogels is a very powerful method of the 

separation of SWCNTs by electronic type, two major roadblocks exist for direct use of 

these collected fractions in dose response studies.  The first is the use of toxic SDS 

surfactant in the initial suspension and column separation.  It has been consistently 

demonstrated in the laboratory that the use of SDS in initial suspension preparation is 

critical to the success of the selective adsorption process.66,67  Furthermore, our 

previous mechanistic work highlighted the role of SDS on both the entropic and 

enthalpic drivers of the separation process.11  Using the standard separation process, 

m-SWCNT will elute coated with toxic SDS surfactant that must be removed before any 

dose response study can be completed.  While the s-SWCNT fractions are collected 

under flow of 2 wt % SC, there is potential for small amounts of SDS to be collected with 

the s-SWCNT fractions.  These small SDS concentrations have proven harmful to the 

test organisms used here, (See Figure 5-1), and must also be removed before use in 

dose response studies.  A second roadblock for direct use of these separated fractions 

is the concentration of each collected solution.  After initial sample injection, large 

volumes of both 1 wt % SDS and 2 wt % SC are needed to remove and collect the 

separated fractions from the packing material in the column.  As such, both the m-
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SWCNTs and s-SWCNTs are significantly diluted when compared to the initial 

suspension.  In order to collect a significant portion of separated SWCNT fractions for 

use in bioassays, this separation process must be repeated frequently.  All separated 

fractions of both m-SWCNTs and s-SWCNTs enriched fractions can be combined, 

resulting in large volumes of pure, but dilute solutions.  To overcome each of these 

roadblocks, collected fractions of both m-SWCNT and s-SWCNTs were separately 

combined, concentrated, and surfactant exchanged to a 1 wt % SC through the use of 

the Amicon ultrafiltration approach as outlined in the methods section. 

5.3.4 Validation of Surfactant Exchange Method      

In order to ensure that this concentration and surfactant exchange process 

effectively removes toxic SDS from collected fractions, and has minimal effect on the 

biological response of test organisms, a 1 wt % SDS-SWCNT was prepared as outlined 

in the methods section.  This suspension was surfactant exchanged to 1 wt % SC using 

the ultrafiltration method.  Figure 5-4 shows the normalized fluorescence and 

absorbance spectra of the initial SDS-SWCNT suspension and the resulting suspension 

after surfactant exchange.  The fluorescence spectra in Figure 5-4a shows that after 

surfactant exchange, the suspension remains extremely stable with a great deal of 

individually suspended SWCNTs.  The shifts in the peak positions can be explained by 

the changes to the microenvironment around SWCNTs.126,172 As all the atoms on 

SWCNTs are on the surface, they function as sensors to any changes in their 

microenvironment.125,136  The exchange of SDS for SC alters the microenvironment 

around SWCNT to shift the spectrum, which has been reported by others.111,173  This 

same blue shift is evident in the absorbance spectra presented in Figure 5-4b. While 

these types of shifts have also been attributed to slight aggregation of the suspension, 
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the strong fluorescence intensities indicate well that these shifts are likely due to 

surfactant exchange. 

The obtained surfactant exchanged SWCNT suspension was then used in a 96 

hr dose-response studies with P. subcapitata to determine the potential effects on 

growth.  The results were compared to those obtained from the baseline dose response 

study presented earlier (Figure 5-2).  First, it is clear that there is no difference in 

biological response of P. subcapitata when grown in culture media containing SC-

suspended SWCNTs, or when grown in suspensions that have undergone surfactant 

exchange through serial dilution using ultrafiltration (Figure 5-5).  In fact, the data 

indicate that surfactant exchange may even have a slight mitigation effect on SWCNT 

toxicity, although there is no statistical difference for the number of samples used here.  

This result confirms the efficiency of the Amicon 8200 ultrafiltration method to 

concentrate and surfactant exchange the SWCNT fractions after column separation. 

5.3.5 Characterization of Separated m-SWCNT and s-SWCNT Fractions 

All fractions of m-SWCNTs obtained from the separation process were combined 

resulting in a large volume ( > 300 mL ) of pure, but very dilute solution.  This solution 

was concentrated and SDS exchanged to 1 wt % SC as described in the method 

section.  An identical approach was used for the corresponding s-SWCNT fractions.  

The resulting SWCNT fractions, now in 1 wt % SC were characterized by both 

fluorescence and absorbance spectroscopy and the results are presented in Figure 5-6.  

The raw fluorescence spectra (Figure 5-6a) clearly shows the presence of well 

stabilized, mono-dispersed nanotubes in the s-SWCNT fraction.  Again, the peak shift 

can be explained by changes in the microenvironment around SWCNTs, as they are 

now coated with SC.173  Additionally, the low intensity and lack of sharp peaks in the m-
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SWCNT fraction are evidence of little to no s-SWCNT contamination.  The absorbance 

spectra in Figure 5-6b further supports the purity of each collected fraction.  Relative to 

the initial suspension, the m-SWCNT fraction shows an increase in absorbance peaks 

in the M11 transitions and significant signal decreases in both the S11 and S22.  

Alternatively, the processed s-SWCNT fraction shows large signal increase in the S11 

and S22 ranges, and a corresponding decrease in the M11 range.  These concentrated, 

high purity fractions were used in subsequent dose-response studies.    

 
5.3.6 Biological Responses of P. subcapitata to Type Separated SWCNT Fractions 

The results of the dose-response assays using the separated SWCNTs are 

presented in Figure 5-7.  At a concentration of 0.5 mg/L and below, m-SWCNTs create 

no significant loss in algal viability when compared to control samples.  In contrast, s-

SWCNTs resulted in significant negative impact of the algal growth regardless of the 

concentration tested. At the lowest tested concentration of 0.25 mg s-SWCNTs/L, the 

algal growth was only ~46 % of what was observed in control culture media.  Increasing 

the concentration of s-SWCNTs to 0.75 mg/L resulted in total algal growth inhibition.  

These results suggest that the observed toxicity of the non-separated SC-suspended 

SWCNT (see Figure 5-2) is driven primarily by the s-SWCNT species. 

In order to explain the potential driver of these observed differences in toxicity 

response, a clear understanding of the mechanism of column separation is needed.  

Our previously published work has focused on both the mechanism of separation in 

these column systems, as well as the source of selectivity.11,109  It has been proposed 

that the significant differences in polarizability between the m-SWCNT and s-SWCNT 

species,134,135 effects the nature and structure of surfactant coating on SWCNT 
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sidewalls.  The increased polarizability of m-SWCNTs allows from increased surfactant 

coverage along their sidewalls, relative to their s-SWCNT counterparts.57,124  This 

increased surfactant packing on m-SWCNTs results in a both a net electrostatic and 

steric repulsion force from the hydrogel surface.11,109  Therefore, m-SWCNTs are eluted 

under flow of 1 wt % SDS, while the s-SWCNT species are retained.  Importantly to the 

results presented here, the hydrogels used in separation are organic molecules 

consisting of long polymer-like chains of sugars, i.e., carbohydrates which are chains of 

two or more sugars, and are an important structural feature of both cell membranes and 

cell walls.  Therefore, the increased toxicity of the s-SWCNTs, and lower toxicity of the 

m-SWCNTs species may be explained by differences in the initial attraction of each 

SWCNT type to surfaces (i.e., cell membrane or cell wall) of the test organism used 

here.  Additionally, these results suggest the need to understand the response of test 

organisms as driven by the nature of the surfactant-SWCNT complex, and not simply 

the characteristics of the SWCNTs used in experimentation.  

In a previous study, Vecitis et al. investigated the viability of E. Coli when 

exposed to separated SWCNT fractions. They found that the biological response of E. 

coli was dependent upon the amount of m-SWCNTs in the mixture.81  Specifically, the 

authors reported that the m-SWCNTs were significantly more toxic to E. Coli than their 

s-SWCNT counterparts when using type separated tubes purchased from NanoIntegris, 

which has been separated through Density Gradient Ultracentrifugation (DGU).81  The 

opposite behavior has been reported here.  To ensure that inconsistency between these 

two studies was not driven by the choice of test organism used in bioassays, type 

separated SWCNTs purchased from NanoIntegris were used in algal growth studies 
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using P. Subcapitata.  Using separated SWCNTs from NanoInegris, the results previous 

published by Vecitis et al.81 are reproducible using P. Subcapitata as a test organism 

(See Figure C-3).  This result is compelling evidence that the differences in biological 

response are not driven by different test organisms used during analysis.     

After eliminating test organism identity as a possible factor in the observed 

inconsistency between these two studies, inherent differences between SWCNT 

materials used in each analysis must be considered.  Importantly, there are critical 

differences between the SWCNTs used during toxicological evaluation.  First, the 

SWCNTs used in this study were produced by the HiPco method, resulting in tubes with 

a very narrow diameter of roughly 1 nm.  Vecitis et al. used nanotubes manufactured by 

Arc Discharge, a process which results in nanotubes of a slightly larger average 

diameter (ca.1.5 nm).81  Finally, two different separation methods were used.  Vecitis et 

al. purchased separated SWCNTs (NanoIntegris) produced through  DGU81, and not 

through selective adsorption on hydrogels used in this study.  DGU separations 

methods rely on differences in buoyancy of surfactant coated SWCNTs in co-surfactant 

solutions of SDS and SC to separate the m-SWCNT and s-SWCNT species.  

Additionally, the SWCNTs used by Vecitis et al. underwent secondary preparatory 

steps,  including precipitating the purchased SWCNTs from solution, and re-suspending 

them through bath sonication in appropriate solvents shown to be non toxic to E Coli.81  

The results of both of these studies are compelling evidence that important differences 

exist between the biological responses of organisms when exposed to m- and s-

SWCNTs.  Further research is needed to fully understand how both SWCNT production 

methods and separation strategies affect toxicity results.  In fact, the affinity of one 
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SWCNT fraction for hydrogel surface and the lack of attraction from the other suggest 

that m-SWCNTs and s-SWCNTs may cycle differently in the environment, with potential 

different impacts on biota.  

5.3.7 Mitigation of s-SWCNT Toxicity 

As evident by mechanism of separation during the selective adsorption of as 

produced SWCNTs, the amount and structure of surfactant coating on SWCNT 

sidewalls can have a significant effect on how these particles interact with surfaces, 

including  hydrogel organic polymers.11,109  These differences in surfactant structure 

may also play a major role in observed toxicity of s-SWCNTs as compared to m-

SWCNTs as previously discussed.  Importantly, previously published studies have 

shown that the toxicity of SWCNTs may be mitigated through increasing the 

concentration of non-toxic surfactant in culture media.88  Increasing surfactant 

concentration likely results in more robust surfactant coverage along SWCNT sidewalls, 

minimizing their potential interaction with cell surfaces (i.e., cell membranes and cell 

wall).  To investigate the ability of increasing SC concentrations to mitigate the observed 

s-SWCNT toxicity, P. Subcapitata cultures were exposed to identical concentrations of 

s-SWCNTs (0.2 mg/L) in an increasing SC background.  The results presented in Figure 

5-8 show significant increases in algal viability as the SC concentration is increased.  

This result is compelling evidence that that the nature and extent of surfactant coating 

along SWCNT sidewalls has a major impact on the potential for SWCNTs to cause 

negative biological impact once released to natural systems.    

 
 



 

120 

5.3.8 Hydrogel Based Separation Technique as Model for Predicting the Affinity of 
NPs for Specific Bio-molecules  

The toxicological evaluation of engineered nanoparticles (NPs), including 

SWCNTs is a difficult undertaking. The incredibly small size of these materials raises 

new challenges for environmental scientists and toxicologists on how to adequately 

study their fate and transport in natural systems.  Additionally, the use of stabilizing 

agents including amphiphillic surfactants and water soluble polymers adds complexity to 

the issue.  For most NPs, it is likely that traditional toxicity assays developed for bulk 

chemicals may not be adequate for the determination of their impacts on organisms. 

Researchers have also used quantitative structure-activity relationships (QSAR) to 

predict risks associated with the introduction of NPs in the environment.174-176  While 

QSAR approaches are extremely beneficial, they require additional external 

experimental data to both validate and refine prediction abilities. The results presented 

in this paper offer an opportunity for use of bench scale laboratory studies to serve as 

predictive tools for NP toxicity.  

Our results show that the m-SWCNTs are far less toxic to P. subcapitata than 

their s-SWCNT counterparts.  The mechanism of separation of SWCNTs in column 

systems can be used to help develop approaches that predict the potential for toxicity of 

NPs based on the composition of the column packing materials used as stationary 

phase, and the affinity of a given NP for such materials. During separation conducted in 

this study, m-SWCNT are not attracted to the hydrogel surface due to their robust 

coverage with surfactant.11,109  In contrast, s-SWCNTs with a less robust surfactant 

coverage are strongly adsorbed on hydrogel surfaces during separation.11,109  

Interestingly, it is also this latter fraction which induces a significant adverse biological 
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impact on P. subcapitata (Figure 5-7).  More importantly, the observed toxicity of s-

SWCNTs can be mitigated through increases in non-toxic surfactant concentration 

resulting in more robust surfactant coverage along nanotubes sidewalls (Figure 5-8). 

These observations suggest that the toxicity of certain NPs could be predicted by simple 

interaction studies between bio-molecules commonly found in cell membranes and NP 

of interest. 

With regard to SWCNTs, recent advancements to the selective adsorption 

method for SDS-SWCNT separation have begun to produce not only electronically 

separated SWCNTs (m- and s-), but also further speciation of the s-SWCNT fraction 

into specific (n,m) types by using several columns in series69, temperature 

adjustments,70 or changes to solution pH.71,150,151  Each of these methods alters 

separation properties to adjust the shape and structure of surfactant coverage along 

SWCNT sidewalls, and therefore strength of interaction between the SWCNTs and the 

hydrogel surface.  If the structure of surfactant coverage is a major driver of the 

observed toxicity of SWCNTs, there should be a corresponding gradient of biological 

responses. Specific (n,m) types that have the weakest interaction with the hydrogel 

surface (i.e. semi-metals) should present limited biological impact, while those (n,m) 

types that interact the strongest with the hydrogel surface would cause harm to living 

organisms.  Overall, the above observations do open a path to future research focusing 

on the predictions of the potential impacts of SWCNTs and other NPs on biota.    

5.4 Closing Remarks 

The study of SWCNT toxicity is a complex task due to the heterogeneity of the 

initial powders in terms of length, diameter, metallic catalyst content, electronic 

configuration, and chemical stabilizing agents used in aqueous suspension preparation.  
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It is critical for researchers to develop systematic approaches to evaluate the potential 

for each of these factures to drive biological response in traditional toxicity evaluations.  

In this study, we have demonstrated that the surfactant used in stabilization of SWCNTs 

is an important factor in evaluating their potential toxicity in environmental systems.  In 

laboratory studies, the use of SDS as dispersing agent should be avoided as it 

enhances the toxicity of SWCNTs. 

Additionally, the developed separation process based on selective adsorption of 

SWCNTs onto hydrogels, allows for efficient fractionation of SDS suspended SWCNTs 

into pure m-SWCNT and s-SWCNT fractions.  Using our mechanistic understanding of 

this process, we have substantially increased the purity and throughput of the 

separation, creating fractions of sufficient purity and concentration for use in bioassays.  

Our analysis demonstrates that the toxicity of as produced SWCNT suspensions is 

driven by the presence of the s-SWCNT fraction.  Our results suggest that methods 

used for production and separation of SWCNTs can have a significant impact on their 

interactions with organisms.  Finally, this selective adsorption with hydrogels may have 

potential for development of a bench scale technique for NP toxicity screening by 

determining the affinity of NPs for specific bio-molecules common in biological 

membranes. 
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Figure 5-1.  Effect of increasing concentrations of surfactants used in the aqueous 

dispersions of SWCNTs on the growth of P. subcapitata in a standard 96-hour 
chronic algal assay.  A) Effects of increasing SDS concentration.  B) Effects 
of increasing SC concentration.  Columns show changes in biomass 
measured as chlorophyll-a.  Bars correspond to error bars based on 4 
replicates.  The dotted horizontal line represents the growth of P. subcapitata 
in the control culture media with no surfactant added. (*) indicates significant 
difference from the control at 95% confidence.    
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Figure 5-2.  Effect of increasing concentrations of non-separated SWCNTs (i.e. mixture) 
on the growth of P. subcapitata in a standard 96-hour chronic algal assay as 
measured by chlorophyll-a.  The final concentration of sodium cholate (SC) in 
all treatments was adjusted to 1.0 mM.  The dotted horizontal line represents 
the growth of P. subcapitata in the control culture media only SC added. (*) 
indicates significant difference from the control at 95% confidence.     

 

Figure 5-3.  Spectra of separated SDS suspended SWCNTs using hydrogel packed 
columns.  The packing medium used in separation is Sephacryl 200 HR.  A) 
Elution profile of separation process.  Data collected at 626 nm to account for 
the presence of both m- and s-SWCNT species.  B) Normalized absorbance 
spectra of fractions collected in both P1 and P2.  P1 shows clear enrichment 
of m-SWCNT species, and loss of s-SWCNT features relative to the initial 
suspension.  Alternatively, P2 shows increases in s-SWCNT features and 
loss of m-SWCNT character.  Spectra normalized at 626 nm to eliminate 
concentration effects. 
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Figure 5-4.  Evaluation of the efficiency of Amicon Ultrafiltration method in surfactant 

exchange from SDS to SC on SWCNT surfaces.  A) Fluorescence spectra of 
initial SDS-SWCNT suspension and the same suspension after surfactant 
exchange of 1 wt % SC using an excitation wavelength of 662 nm.  B)  
Normalized absorbance spectra of initial SDS-SWCNT suspension and the 
same suspension after surfactant exchange of 1 wt % SC.  Spectra have 
been normalized at 626 nm to eliminate concentration induced effects.  
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Figure 5-5.  Effect of suspension preparation on the growth of P. subcapitata in a 

standard 96-hour chronic algal assay.  A 1 wt % SDS-SWCNT suspension 
was exchanged to a 1 wt % SC solution through ultrafiltration.  Bars show 
algal growth of this suspension compared to a traditionally prepared 1 wt % 
SC-SWCNT suspension.  The final concentration of SC in all treatments was 
adjusted to 1.0 mM.  The dotted horizontal line represents the growth of P. 
subcapitata in the culture media containing only SC and no SWCNTs.  (*) 
indicates significant difference from the control at 95% confidence.    
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Figure 5-6.  Characterization of separated SWCNT fractions used in dose response 

studies.  A) Fluorescence spectra of initial SDS-SWCNT suspension, and 
concentrated m- and s-SWNCT fractions in 1 wt % SC using an excitation 
wavelength of 662 nm.  B)  Normalized absorbance spectra of initial SDS-
SWCNT suspension and concentrated m- and s-SWNCT fractions in 1 wt % 
SC.  Spectra have been normalized at 626 nm to eliminate concentration 
induced effects. 
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Figure 5-7.  Effect of increasing concentrations of separated SWCNTs (m-SWCNTs and 

s-SWCNTs) on the growth of P. subcapitata in a standard 96-hour chronic 
algal assay.  The final concentration of SC in all treatments was adjusted to 2 
mM.  Changes in biomass measured as chlorophyll-a are shown as bars 
based on SWCNT type. Doses of 0.75 ppm s-SWCNT resulted in complete 
growth inhibition.  The dotted horizontal line represents the growth of P. 
subcapitata in the control culture media containing only SC and no SWCNTs.  
(*) indicates significant difference from the control at 95% confidence.    
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Figure 5-8.  Effect of increasing concentrations of SC at a fixed concentration of s-

SWCNTs on the growth of P. subcapitata in a standard 96-hour chronic algal 
assay.  The final concentration of s-SWCNTs in all treatments was adjusted 
to 0.2 mg/L.  Changes in biomass measured as chlorophyll-a are shown as 
bars based on SWCNT type.  The dotted horizontal line represents the growth 
of P. subcapitata in the control culture media containing only SC and no 
SWCNTs.  (*) indicates significant difference from the control samples at 95% 
confidence. 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 



 

130 

CHAPTER 6 
CONCLUSIONS  

 
6.1 Summary of Findings 

Research in nanoscience and the manufacturing of engineered nanoparticles 

(NPs) are growing exponentially, resulting in a wide variety of applications and novel 

products.  Lessons learned from past ground breaking technologies show that such  

development brings not only societal benefits, but also unintended consequences on 

both the environment and organisms.  Unfortunately, nanotechnology is not an 

exception. However, unlike most ground breaking and scientific revolutions, the growth 

of nanotechnology is accompanied by research on the potential adverse effects of 

nanotechnology products on both ecological functions and human health. One of the 

most widely studied NPs is the Single-Wall Carbon Nanotube (SWCNT), and this 

research was driven primarily by the conflicting reports on the potential toxicity of 

SWCNTs. It was hypothesized that discrepancies in results obtained from bioassays are 

likely due to the use of heterogeneous raw materials in terms of length, diameter, and 

electronic configuration of the SWCNTs.  While the biological impacts of the length and 

diameter of SWCNTs have been research extensively, the electronic characteristics of 

SWCNTs have been overlooked.  Extensive literature search during this study showed 

only one peer reviewed article focusing on the electronic speciation of SWCNTs and the 

toxicity attributable to each of the identified SWCNT species.81  Using a conceptual 

approach illustrated in Figure 6-1, this study elucidated the mechanisms of interaction 

between SWCNTs and an organic polymer and how such mechanisms could be 

extrapolated to forecast the biological impacts of SWCNTs. 
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A selective adsorption method for SWCNT fractionation into metallic and semi-

conducting species was used.  While the method has been studied quite extensively in 

the literature, very little is known on the physicochemical processes that drive the 

separation.  With the goal of producing highly concentrated and very pure fractions of 

both m-SWCNTs and s-SWCNTs needed for toxicity studies, the driving forces at play 

during the separation process were investigated.  Looking at different forces that could 

be linked to the selective retention of s-SWCNTs on hydrogel surfaces, it was 

concluded that ion-dipole interactions between the negatively charged SDS head 

groups and dipoles on hydrogel surfaces are the driving force during separation.  It has 

also been proposed that the selectivity during hydrogel separation could be attributable 

to differences in the polarizability of the m-SWCNT and s-SWCNT species, with the 

higher polarizability of m-SWCNTs, resulting in a more robust surfactant coverage along 

nanotube sidewalls and strong repulsive forces between the m-SWCNT/surfactant 

complex and the hydrogel surface.  Alternatively, the lower polarizability of the s-

SWCNT species does not result in surfactant coverage sufficient to result in a net 

repulsive force, leading to a selective retention during column separation. 

In an attempt to standardize, as well as maximize the quality and throughput of 

separated SWCNT fractions, a comparative study was completed examining how 

manipulation of important separation parameters affects the effectiveness of separation. 

Tested parameters included the type of hydrogel used during separation, column 

lifetime and the initial concentration of SDS suspended SWCNT to be used.  The results 

of this study indicated that the choice of hydrogel used in separation is an extremely 

important parameter.  In general, dextran-based hydrogels with small pore size provide 
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the best combination of fraction quality and throughput.  However, dextran-based gels 

with large pore volumes show no selectivity in separation (Sephacryl 400 HR).  In 

contrast, agarose-based gels produced very pure m-SWCNT fractions, but with 

extremely low throughput.  Therefore, the choice of hydrogel to be used in the 

separation process should depend on the intended use of separated material.  Finally, it 

was determined that the initial loading concentration of SDS-SWCNTs affects the purity 

of the m-SWCNT fraction.  As the initial concentration of SDS-SWCNTs injected in to 

the separation column increases, a large portion of s-SWCNT begin to contaminate the 

m-SWCNT fraction.  Initial concentrations within the range of 20 to 30 ppm were found 

to be best for both SWCNT fraction purity and throughput.   

After optimizing the separation process, pure factions of m-SWCNTs and s-

SWCNTs were produced, characterized and tested in dose-response studies using the 

freshwater green algae P. subcapitata as model test organism.  It has been 

demonstrated that there is a significant difference in the biological response when P. 

subcapitata is exposed to identical concentrations of the two SWCNT species, with s-

SWCNT being significantly more toxic than m-SWCNT.  This observed difference in 

biological responses may be explained based on knowledge of the SWCNT separation 

mechanisms in hydrogel packed columns.  During separation, m-SWCNTs which are 

highly coated with the surfactant are poorly attracted for adsorption onto hydrogel 

surfaces.  This increased surfactant coverage of the m-SWCNT species may inhibit, or 

drastically reduce their attraction to organism membranes as evident by their reduce 

impact to the test organisms used in this work.  Alternatively, the s-SWCNTs are highly 

attracted to the bio-like surfaces used in separation, which may explain their toxic 
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impact on P. subcapitata.  Since the hydrogels used in this study can be seen as proxy 

for long chains of polymerized sugars similar to those present in cell membranes and 

cell walls (e.g. carbohydrates), these results suggest then that s-SWCNTs do likely 

have a higher affinity for the sugar polymer in cell membranes, leading to toxicity. The 

actual mechanisms of toxicity (e.g. piercing, penetration in the lipid bilayer and oxidation 

of the hydrophobic tails of the phosphor-lipid molecules, transfer in the cytoplasm, 

generation of reactive oxygen species, etc.) of s-SWCNTs to P. subcapitata were not 

investigated.     

Overall, these findings point to the possibility of predicting the toxicity of 

SWCNTs through interaction with biomolecules which chemical composition mimics to 

some extent that of compounds found in plasma membranes.  

 
6.2 Engineered Nanoparticle Toxicity Management 

The results presented in this work demonstrate the difficulty in truly 

understanding the potential threat that NPs may cause to living organisms when 

released to natural systems.  The inherent characteristics of the produced material, the 

use of surface modifications and chemical stabilizers, as well as the physiochemical 

transformations which likely to occur after introduction to the environment further, 

complicate the issue.  However, the evaluation of NP toxicity in environmental systems 

should not be considered only as a challenge, but also as an opportunity for 

interdisciplinary research between materials scientists, environmental chemists, and 

engineers.  Traditionally, each of these fields has been viewed as separate disciplines, 

where materials scientist and engineers develop new products or novel applications 

with emerging technology, and environmental scientist and engineers focus on the end 
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of life concerns of these newly developed products.  This compartmentalized approach 

is both inefficient and infective as it results in pollution consequences that require a 

retroactive action instead of a proactive careful design of initial products to 

minimize/eliminate their environmental impacts.   

Figure 6-2 summarizes what a near ideal approach should be for a sustainable 

manufacturing and use of NPs.  Nanotechnology appears to be here to stay, and the 

development of nanoparticle based products will continue to increase, thereby 

increasing the potential for both intentional (e.g. landfills) and non-intentional (diffuse 

sources) environmental pollution as nano-products move from cradle to grave.  Well 

controlled laboratory studies do give good insights into potential NPs might have on the 

environment.  However, after introduction to the environment, NPs are likely to undergo 

bio-physicochemical transformations which should be taken into account in laboratory 

studies.  The mechanistic understanding of how NPs affect living organisms under in 

situ conditions (e.g. experiments which takes into account the complexity of natural 

systems such as water chemistry) can lead to production/stabilization process that may 

eliminate/mitigate NP toxicity and inform the regulation process.  Establishing feedback 

loops and connections as shown in Figure 6-2 might be critical for a safe development 

and implementation of nanotechnology. 

6.3 Future Directions 

The work presented in this dissertation has laid the foundation for more studies 

on the biological impacts of SWCNTs, which can be extended to other NPs.  

Throughout this study, a single test organism was used in the evaluation of SWCNT 

toxicity.  For a complete understanding of the effects of the separated SWCNT fractions 

on biota, additional test organisms must be evaluated.  It is possible that the test 
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organisms used here is especially sensitive to s-SWCNTs, while a different organism 

may not exhibit the same sensitivities.  Additionally, the effect of surfactant 

concentration on type separated SWCNTs toxicity may also be evaluated.  Previous 

studies have indicated that toxic doses of carbon based NPs may be driven by the 

concentration of both SWCNTs and surfactant or polymers used in dispersion.88  With 

regard to this study, it is possible that the toxicity of s-SWCNTs could be drastically 

reduced or simply eliminated increasing the concentrations of used non-toxic surfactant 

(i.e., SC).  Another approach to toxicity mitigation of SWCNTs is the addition of natural 

dissolved organic matter (NDOM) isolates to prepared suspensions.  The interaction of 

SWCNTs with NDOM is well documented in the literature, however little is known on the 

nature of the interaction mechanisms involved.  The results presented here show that 

both polymers and ligands interact with SWCNTs differently based on their electronic 

type (m- or s-).  Therefore, it is plausible that NDOM isolates will interact with both m- 

and s- types differently creating alternate fate and transport paths in environmental 

systems.  

Finally, the ability of hydrogel interaction and separation as a predictive tool for 

NP cytotoxicity should be validated through controlled dose response studies using 

single chirality SWCNT suspensions acquired through advancement to the separation 

process.  It is likely that a gradient of biological impact will be observed with SWCNTs 

which interact the strongest with the hydrogel surfaces causing the most significant 

biological impact. 
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Figure 6-1.  Experimental approach used in this study for the determination of the 

biological responses of a model test organism following the separation of an 
initial heterogeneous SDS-SWCNT and production of pure m-SWCNT and s-
SWCNT fractions. Mechanisms of s-SWCNT sorption on hydrogel surfaces 
used to imply the mode of interaction between algal cells and s-SWCNTs, 
which resulted in toxic effects on P. subcapitata. 
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Figure 6-2.  Flow chart illustrating the research paradigm for future studies evaluating 

the toxicity of nanoparticles and assessing risks of engineering and using 
nanoparticles.  A key feature to this approach is the feedback loop which 
allows toxicity results to inform the manufacturing/design processes for 
development of lees toxic nanomaterials. Obtained results could then be used 
in support of the development of regulatory guidelines and safe 
nanotechnology applications 
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APPENDIX A 
SUPPORTING INFORMATION FOR CHAPTER 3 

 
Elution Curve Cumulative Mass Calculation 

The challenge in estimating the cumulative mass of SWCNTs collected during 

experimentation lies in the difficulty of detecting both m- and s-SWCNTs using a single 

wavelength. Traditionally, m-SWCNTs absorb light strongly at shorter wavelengths 

(400-600 nm), while the s-SWCNT species absorb light strongly at wavelengths longer 

that 600 nm. Therefore, choosing a detection wavelength at longer wavelengths will 

overestimate the contribution of s-SWCNTS, while detection at wavelengths in the 

shorter range will overestimate the contribution of m-SWCNTs. Therefore, a detection 

wavelength of λ = 626 nm was used during experimentation as the best estimate of both 

m-, and s-SWCNT contribution. The mass fractions are calculated assuming a constant 

flow rate of 1 mL/min and integrating the area under the curve using an extinction 

coefficient modified from a previously publish study by Moore et al.  The extinction 

coefficient calculated by Moore et al. at λ = 763 (0.043) was extrapolated to an 

extinction coefficient at λ = 626 (0.05) by a simple conversion using a well characterized 

suspension of known concentration. 
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Figure A-1.  Characterization of suspensions used in Chapter 3.  A) Absorbance spectra 
of 1 wt% SWCNT suspensions used in this study. Suspensions used for 
equilibrium and non-equililbrium studies were ultracentrifuged for 1 and 4 h, 
respectively. The spectra have been normalized at λ= 763 nm for comparison. 
B) NIR uoresence spectra of the same suspensions used during 
experimentation. Excitation was completed at λ = 662 nm. The spectra have 
been normalized at λ = 1123 nm for comparison. 
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Figure A-2.  Lengths of SWCNTs used in Chapter 3.  A) AFM image of the SDS-
SWCNT suspension. B) Histogram of the nanotubes lengths showed an 
average of 467 nm. 
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Figure A-3.  Equilibrium adsorption isotherms for SWCNTs in 1 wt% SDS with various 
agarose gels. The gel media are plain Sepharose 6 FF (●) and 6B (♦), and 
Sepharose 4FF (■) 
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Figure A-4.  Separation using functionalized Agarose Gels.  A) Elution curves 

(chromatograms) of SWCNTs suspended in 1 wt% SDS using plain 
Sepharose 6 FF and Sepharose 6 FF functionalized with ionic groups as the 
stationary phase. The SWCNT suspension is injected at time zero. The 
elution curves are presented in terms of the absorbance of the effluent 
normalized by the absorbance of the initial suspension. All absorbance data 
points are at λ= 626 nm. B) Absorbance spectra from the initial sample and 
the effluent at the first (P1) and second (P2) peaks of the elution curve. 
Spectra of P1 and P2 have been slightly offset for visual clarity. Notice the 
loss of separation selectivity after gel functionalization. 
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Figure A-5.  Sepharose separation using functionalized gels.  A) Elution curves 

(chromatograms) of SWCNTs suspended in 1 wt% SDS using Sepharose 4 
FF and Sepharose 4 FF functionalized with octyl and butyl groups as the 
stationary phase. The SWCNT suspension is injected at time zero. The 
elution curves are presented in terms of the absorbance of the effluent 
normalized by the absorbance of the initial suspension. All absorbance data 
points are at λ = 626 nm. B) Absorbance spectra from the initial sample and 
the effluent at the first (P1) and second (P2) peaks of the elution curve. 
Spectra of P1 and P2 have been slightly offset for visual clarity. While the 
octyl-Sepharose matrix shows minimal signs of selectivity, butyl-Sepharose 
shows a complete loss of selective retention. 
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Figure A-6.  Functionalized Phenyl Series.  A) Elution curves (chromatograms) of 

SWCNTs suspended in 1 wt% SDS using Sepharose 6 FF and Sepharose 6 
FF functionalized with phenyl groups at low (LS) and high (HS) substitution as 
the stationary phase. The SWCNT suspension is injected at time zero. The 
elution curves are presented in terms of the absorbance of the effluent 
normalized by the absorbance of the initial suspension. All absorbance data 
points are at λ= 626 nm. B) Absorbance spectra from the initial sample and 
the effluent at the first (P1) and second (P2) peaks of the elution curve. 
Spectra of P1 and P2 have been slightly offset for visual clarity. Notice the 
loss of separation selectivity after gel functionalization 
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APPENDIX B 
SUPPORTING INFORMATION FOR CHAPTER 4 

 
 

 
Figure B-1.  Characterization of SDS-SWCNT suspensions used in this study. The 

concentrated suspension was obtained using an Amicon 8200 Ultrafiltration 
unit equipped with a regenerated cellulose membrane (MW cut-off 30kDa). A) 
Fluorescence spectrum (λex = 662 nm) And B) Vis-NIR absorbance spectrum 
of SDS-SWCNT before and after concentration. The absorbance spectra 
have been normalized at 763 nm to eliminate concentration induced changes. 

 

Figure B-2 Representative fluorescence spectra (λex = 662 nm) of SWCNT fractions 
collected using Sephacryl 400 HR as an adsorbent. s-SWCNTs clearly 
contaminate the P1 fraction, causing a corresponding decrease in their 
concentration in the P2 fraction.  
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6 % Agarose Series 

Separation profiles completed using the 6 % agarose series behave in a similar 

fashion to their 4 % counterparts in both mass fraction analysis and separation 

selectivity.  Figure B-4 is a summary of separation process using the 6 % Sepharose 

agarose series.  Again, as the parent matrix is supplemented with more cross-linking 

material, a greater amount of SWCNTs are selectively absorbed to the gel surface as 

demonstrated by the behavior of P2 in Figure B-4a. Column studies were only 

completed using the most highly cross-linked material (Sepharose 6 FF) as previous 

studies using the 4 % agarose series showed no significant difference in mass 

retention.  It is also important to note that while the behavior of the 6 % Sepharose 

series behaves similarly to the 4 % series, it initially retains less SDS-SWCNTs than the 

4 % series (See Figure 4-6 in main text).  This is consistent with previously reported 

behavior found in the literature whereby larger amounts of agarose decrease SDS-

SWCNT retention.11,122  A similar pattern of selectivity while increasing the amount of 

cross-linker is also seen in the UV absorbance of the collected fractions shown in 

Figure-B-4d-e.  The base matrix of Sepharose 6B shows very little selectivity when used 

in these low pressure systems.  While P1 shows slight indication of m-SWCNT 

enrichment, there are abundant s-SWCNTs features in the both the Visible and NIR 

regions of the spectrum. Contamination of s-SWCNTs in P1 is also confirmed in the 

fluorescence spectra of the collected fractions. (see Figure B-5) Alternatively, when 

using the Sepharose 6 FF matrix, P1 is a pure m-SWCNTs fraction that shows no s-

SWCNT contamination on the fluorescence spectrum. However, a portion of the m-

SWCNTs are adsorbed to the gel after injection, and are removed from the gel surface 
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under flow of 1 wt % DOC along with the s-SWCNTs. As a result, P2 shows significant 

absorbance in the 400-620 nm range indicating that a portion of the m-SWCNTs do not 

elute from the gel with the flow of 1 wt % SDS solution. 

 
Figure B-3 Retention behavior of 1 wt % SDS-SWCNT suspension using 6 % agarose-

based hydrogels at different levels of cross-linking. A) Comparison of the 
mass fraction of SWCNTs eluted in P1 and P2 fractions during separation. B-
C) Elution curves of SWCNTs in columns with a stationary phase of 
Sepharose 6B and 6 FF, respectively. D-E) Normalized absorbance spectra 
(λ = 626 nm) for the initial suspension and effluent collected in both P1 and 
P2 fractions for columns with a stationary phase of Sepharose 6B and 6 FF, 
respectively. Note that the absorbance data collected in fraction P1 for the 
highly cross-linked gels (6 FF) has been smoothed to minimize noise as a 
result of the low concentration of SWCNTs collected.  
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Figure B-4.  Representative fluorescence spectra (λex = 662 nm) of SWCNT fractions 

collected using Sepharose 6B as an adsorbent. Fluorescence data clearly 
shows a lack of selectivity in terms in separating the m- from the s-SWCNTs. 

. 
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Figure B-5.  Fluorescence spectra of SWCNT fractions collected in P1 using Sephacryl 

200 HR as an adsorbent with increasing initial SDS-SWCNT concentration.  
Spectra are collected with excitation at A) λ = 662 nm and B) λ = 784 nm. 
There is a clear link between the loading concentration and s-SWCNT 
contamination in fraction P1. 
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APPENDIX C 

SUPPORTING INFORMATION FOR CHAPTER 5 
 
 

 
Figure C-1.  Characterization of initial suspensions used in separation and of SDS-

SWCNTs for use in toxicological analysis.  A) Normalized fluorescence 
spectra of both suspensions using excitation wavelength of 662 nm.  B) 
Absorbance spectra of both suspensions normalized at 763 nm to eliminate 
concentration effects. 

 

 
Figure C-2.  Aliquot volumes of SWCNT suspensions used in this study.  As produced 

SWCNT suspensions result in a dark black color, while isolated fractions of s-
SWCNTs and m-SWCNTs appear blue/green and red, respectively.  Photo 
courtesy of the author.    
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Figure C-3.  Effect of separated SWCNTs (m-SWCNTs and s-SWCNTs) on the growth 

of P. subcapitata in a standard 96-hour chronic algal assay using SWCNT 
purchased from NanoIntegris.  The final SWCNT concentration in both 
treatments was 0.25 mg/L while final SC concentration was constant at 1mM.  
Changes in biomass measured as chlorophyll-a. m-SWCNT treatments 
resulted in completed algal inhibition.  The dotted horizontal line represents 
the growth of P. subcapitata in the control culture media containing only SC 
and no SWCNTs.  (*) indicates significant difference from the control at 95% 
confidence.    
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