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Project #1 Multi-System Brain-Motor Performance Assessment 
 
INTRODUCTION 
 
The goal of this research project was twofold: 
 
1)  Assemble multimodal human performance laboratory including complex human motor assessment system, 
128 channel EEG/ERP, pupilometer/ eyetracking system, and repetitive transcranial magnetic stimulation 
system.   
 
2) Conduct a pilot research study demonstrating the capabilities of performing multimodal assessment of 
object retrieval, particularly when those objects may be considered threatening or nonthreatening. 
 
 
BODY 
 
Task #1:  Assemble multimodal human performance laboratory including complex human motor assessment 
system, 128 channel EEG/ERP, pupilometer/ eyetracking system, and repetitive transcranial magnetic 
stimulation system.   
 
a.  We have purchased each of the pieces of equipment in Task #1, assembled the units, trained to use each 
of the devices, and have assembled the units for integrative assessments in the Multimodal Human 
Performance Laboratory (MHPL).   
 
The equipment assembled includes the following 

 
1.  repetitive Transcranial Magnetic 

Stimulation (rTMS) system – The Magstim 
Super Rapid2 package which includes a 
Rapid2 unit and air cooled coil, dual power 
supply module, amplifier, coil stand, as well 
as a double rapid2 air cooled coil and sham 
cooled double coil.  This unit allows for safe 
delivery of repetitive transcranial magnetic 
stimulation pulses (including sham 
administration) in the standard doulble 
blind, placebo design.     
 Brainsight TMS “Turnkey” system 
which includes Brainsight TMS software 
and the TMS Basic Tracker Kit was also purc
The Brainsight system allows for targeting of the rTMS pulses to region previously 
identified with neuroimaging techniques and allows for the optimal, maximal delivery of the 

rTMS pulses to the targeted brain region. 
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hased in conjunction with the rTMS system.  

2.  SensoMotoric Instruments (SMI) eyetracker system – 
One Hi

 

-Speed 1250 eye tracking system was purchased which 
include a 1250 Hz camera chin rest assembly, 500 Hz binocular 
extension, operating PC, experiment writing tool, and BeGaze 2 
Analysis software package. Also, purchased with this package is 
the Presentation stimulus presentation package and 
SpeakAloud attachment for presentation of experimental 
paradigms that would be compatible with all of the 
neuroinvestigative platforms in the MHPL. 
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3.  Biologics EEG System – The lab contains a Biologics 128 clinical EEG system with differential 
amplifie

4.  Human Motor Performance assessment system – 
This int

 
. High-end Immersive Driving/Task Simulation System – 

This pr

 

rs and Orgil stimulus presentation system.  The stimuli are presented to the subject on an LCD monitor 
while a separate computer records onset times and subject responses.  The Biologics system is interfaced with 
a Neuroscan Quik-Cap for data acquisition.  
 

egrated human performance laboratory includes a central 
processing and upper extremity motor control unit, lower 
extremity motor control performance measurement system, 
postural stability performance capacity measurement system, 
multiple module server, Gait Mat, electronic height adjustable 
tables, and Latitude D531 1.6 HZ PC. 
 

5
ovides a common, controlled environment to provide real-

world stressful challenges to cognitive, information processing, 
and selected neuromotor subsystems and the investigation of a 
wide variety of human performance issues. 

    
 

.  Eight camera Human Motion Capture and Analysis System – This system provides for high fidelity 
capture

 
6
 of full body or selected subsystem human motion in complex tasks.  It has been installed in a lab with a 

20 x 18 ft data acquisiton region.  This will support a broad range of investigations of human performance in 
medical and non-medical application contexts. 

 

   
 



   
 

verall, we have assimilated unique integrated laboratory to assess human cognition and motor 
perform

b.  Perform a pilot study using the assembled multimodal laboratory with the aims to identify subgroups of 

The protocol was submitted and received approved by the University of Texas Institutional Review 

EY RESEARCH ACCOMPLISHMENTS

 
O
ance, with the capability to further integrate the use of the this laboratory with results from 

neuroimaging (structural MRI, fMRI, diffusion tensor imaging for white matter tract imaging, etc.)   
 

normal young controls and veterans with an increased, decreased or normal amplitude P300 response to 
combat-threatening stimuli and administer 1 Hz. rTMS to each frontal lobe to determine if the threat response 
is mediated by the right frontal lobe.  
 
 
Board in June 2007(see attached University of Texas consent form with IRB approval of the pilot project 
proposed – {dodrTMSirb.pdf}).  The protocol was submitted to the U.S. Army Medical Research and Material 
Command’s Office of Research Protections, Human Research Protections Office, received request for 
revisions, the revisions were made as directed and the proposal was returned to the to the HRPO.  The 
protocol remains (as of September 2008) at the HRPO still awaiting approval.  We were informed that the 
study could not be performed until we received approval form the HRPO and we have not received approval 
from that Office.   
 
 
K  

• Completion of the integrated Multimodal Human Performance Laboratory 

itive Transcranial Magnetic Stimulation System with Magstim Super Rapid2 

r system 

nce assessment system  
 

EPORTABLE OUTCOMES

 

o Including  
 repet

package and BrainSight Software System 
 SensoMotoric Instruments (SMI) Eyetracke
 Biologics EEG System 
 Human Motor Performa

 
R  

ask #1a. has been accomplished. The Multi-Modal Brain-Motor Performance Laboratory is fully constructed 

he pilot study (Task #1b.) has not been completed. The protocol was approved by the University of Texas 

 
T
and operational at the University of Texas at Dallas Center for BrainHealth located at 2200 W. Mockingbird 
Lane, Dallas, Texas 75235 in room 3.120.   Additional planned components (a high-end immersive driving/task 
simulator and an eight camera human motion capture and analysis system)  were also constructed and are 
located at the University of Texas at Arlington’s Human Performance Institute, Nedderman Hall, Room 241. 
 
T
Institutional Review Board in June 2007. The protocol remains (as of September 2008) at the U.S. Army 
Medical Research and Material Command’s Office of Research Protections, Human Research Protections 

 5
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e applied for three DOD proposals during the period of this grant that would have utilized this multimodal 

ortium); Proposal Title: The Neurobiology of 

2. DOD Opportunity ID: W81XWH-07-CC-CSS (PTSD/TBI Clinical Consortium-Study Site); Proposal 
Title: “N

3. DOD Opportunity ID: W81XWH-07-PTSD-IIRA-INT (Investigator Initiated); Proposal Title: Repetitive 
Transc

r. Kondraske was invited by Lt. Col. Valerie Martindale, AFHSIO to make two presentations related to the 

ondraske, G.V. (2008) General systems performance theory and the elemental resource model for human 

ondraske, G.V. (2008) General systems performance theory and human performance: some experimental 

opies of abstracts are attached. 

ONCLUSIONS

Office and we have not received approval from that Office.  Upon its approval by USAMRMC HRPO this pilot 
study will be performed and completed.  
 
W
laboratory (see list below).  None of these proposals was funded. 
: 1.  DOD Opportunity ID: W81XWH-07-PTSD-MRC (Cons
PTSD: Risk Factors, Diagnosis, Course and Treatment (Functional Study of Biological Molecules)(Robbie 
Greene)  
 

orth Texas PTSD/TBI Clinical Research Center.” (Ramon Diaz-Arrastia)  
 

ranial Magnetic Stimulation (rTMS) to Reduce Over-Arousal to Combat-Related Emotional Stimuli (John 
Hart, Jr.) 
 
D
broad project objectives for a panel session on Human Performance Optimization at the 2008 Aerospace 
Medical Association meeting in May: 
 
K
performance.  Aviation, Space, and Environmental Medicine, 79(3): 250. (presented at the 79th Annual 
Scientific Meeting of the Aerospace Medical Association, Boston, May 13, 2008). 
 
K
results. Aviation, Space, and Environmental Medicine, 79(3): 250-251. (presented at the 79th Annual Scientific 
Meeting of the Aerospace Medical Association, Boston, May 13, 2008). 
 
C
 
C  

 summary, the assimilation of this unique multimodal human cognitive-motor assessment laboratory is a 

nfortunately, the inability to receive HRPO approval of the proposed pilot study, even after UT IRB approval, 

PPENDICES

 
In
significant accomplishment and will allow for numerous innovative studies.  We plan to perform the pilot study 
proposed and have multiple other planned studies for the future, including already targeted grant proposals. 
 
U
before the ending of the granting period limits the implications from this project.   
 
 
A  

ile {dod rTMSirb.pdf} which is the University of Texas consent form with IRB approval of the pilot project 

iles {P08_01_AN.pdf} and {P08_02_AN.pdf} are abstracts of presentations made by Dr. Kondraske 

 
F
proposed. 
 
F
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roject #2 Ubiquitination of Proteins in the Normal and Pathological Brain 

TRODUCTION

 
P
 
IN  

ypothesis: αSpI ubiquitinates itself and binding partners in neurons, skeletal and cardiac 

ask 1.  Create and phenotype single mutant mice (C2068A).   
tion of the targets of spectrin’s E2/E3 

sites on all targets by performing tandem mass 

ody

 
H
muscle. Polyubiquitination leads to turnover by the ubiquitin proteasome system, while 
monoubiquitination regulates protein-protein interactions within the membrane skeleton. 
Diminishing spectrin E2/E3 activity within neurons and cardiac muscle fibers will lead to 
diminished ubiquitination, accumulation of damaged protein, and a membrane skeleton that 
cannot readily disassemble or reassemble. 
 
T
Task 2. Utilize these mutant mice versus wild type for determina
activity in brain, muscle and RBCs.  
Task 3. Localize the precise ubiquitination 
spectrometry on tryptic digests and searching for the gly-gly ubiquitin remnant (m/z=114.1).  
 
B  

.  Create and phenotype single mutant mice (C2068A).   
 of which were predicted to contain a 

C library filters.  Only clone 252F11 was able to give 

shown in Figure 3.  Both 

igure 1.  PCR generation of the probe fragment containingSpna1 exon 43 segment

Task 1
We have obtained 2 BAC clones from a C57 strain library, both
large portion of the Spna1 gene as determined using the ENSEMBL Genome Browser (Clones RP23-
343E12 and RP23-252F11).  Using oligonucleotides based upon the sequence of Exon 43 
(numbered using 51 exons in the total gene), we attempted to generate a probe of ~500bp containing 
the entire 297 bp of exon 43 and flanking DNA  
to serve as a probe to screen the CHORI 129 BA
the appropriate sized fragment (Figure 1) and this fragment was verified by DNA sequencing.  This 
DNA was labeled with 32P and used to screen the 129 BAC filters, producing 12 strong positive 
hybridizing signals (see Figure 2), 6 of which were ordered from CHORI.  We then used a PCR assay 
to.evaluate which of the 129 BACs contained exon 43, (region of interest) and found 2 clones 
(CHORI129 -599I19 and CHORI129-99P17) that gave the 250 bp product.  We have used Clone 
99P17 exclusively to generate PCR products for the arms of the mutant vector, to be constructed as 

arms (5’ – intron 42 to intron 43; 3’ - intron 43 to intron 45) were  
 
 
 
 
 
 
 
 
 
F .  

ligonucleotides that were 5’ and 3’ to the 297 bp exon43 were used to amplify a segment of 

                                                                                                                                                                           

O
DNA from the C57 BAC clones R23-343E12 (lane 3) or RP23-252F11 (lane 4).  Lane 1 contains a 
Kb DNA standard and Lane 2 shows the result obtained from a reaction with no added DNA.  
The arrow shows the amplified fragment of 527 bp in size 
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Figure 2.  Sample filter hybridizations of CHORI 129 library filters.  

ilters from CHORI containing the 129 BAC library were hybridized with 

igure 3. 

F
the fragment of DNA containing Snpa1 exon 43.  Segment A shows non-
specific hybridization signals with a specific hybridization signal shown 
in B.  This signal correspondsd to clone CHORI129-99P17 which was 
used in further experiments. 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
F Schematic of mutant vector construction.  A diagram of how the design of Spna1 

utant vector to construct the Cys to Ala change is shown. 

CR amplified and cloned into PCRScript (Stratagene).  We are now determining the sequence for 
e cloned fragments, which will allow further construction of the mutant vector.  As illustrated in 

m
 
 
 
 
P
th
Figure 3 we will make the mutant sequence within the 5’ arm segment by PCR to generate the C to A 
mutant.  We have chosen a method that will generate the amino acid mutant and change the DNA 
sequence to mutate a MunI restriction site.  This site will be utilized for validation of the mutant DNA 
sequence following insertion into the mouse ES cell genome by homologous recombination.  Once 
we construct the mutant DNA vector, we will utilize the Texas A&M GEMcore (Genetically Engineered 
Mouse core) to place it into the AB2.2 ES cells and to inject the appropriate ES cell lines into 
blastocysts.  Dr. Zimmer is Co-Director of this facility along with Dr. Danna Zimmer, an IBMST faculty 
member.  The mice, once created will be bred and used as outlined to determine the effect of 
changing the C 2071 equivalent in mouse on the general phenotype as well as in specific cellular 
contexts.  We have integrated the purchased equipment into the project.  The Fuji phosphoimager 
has been used in the screening of the BAC libraries and the Fuji ChemiDoc has been extensively 
used to evaluate agarose gels for the correct PCR fragments and vector construction.  This 
equipment will be utilized to facilitate construction of this and future mutant mice strains. 
Task #2 and Task #3 Can be performed once the mutant mice are prepared. 
 
KEY RESEARCH ACCOMPLISHMENTS 
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gion of interest of alpha spectrin (exon 43). We have used 

EPORTABLE OUTCOMES

We have isolated clones that contain the re
Clone 99P17 to generate PCR products for the arms of the mutant vector. Once we construct the 
mutant DNA vector, we will utilize the Texas A&M GEMcore (Genetically Engineered Mouse core) to 
place it into the AB2.2 ES cells and to inject the appropriate ES cell lines into blastocysts. The mice, 
once created will be bred and used as outlined to determine the effect of changing the C 2071 

equivalent in mouse on the general phenotype as well as in specific cellular contexts.  We have 
integrated the purchased equipment into the project.  The Fuji phosphoimager has been used in the 
screening of the BAC libraries and the Fuji ChemiDoc has been extensively used to evaluate agarose 
gels for the correct PCR fragments and vector construction.  This equipment will be utilized to 
facilitate construction of this and future mutant mice strains. 
 
R  

rized the necessary exon 43 clones of alpha spectrin and produced 
 

ONCLUSIONS

We have isolated and characte
the arms for the mutant vectors. We are now prepared to produce the mutant mice required for aims
2 and 3 of this study. 
 
C  

r biology has been performed to produce the alpha spectrin mutant mice and 

PPENDICES

All of the molecula
necessary equipment has been purchased that is necessary to pursue Tasks 2 an3. 
 
A  
None. 
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roject #3: Carbon Nanotubes and Cancer 

troduction

 
 
 
 
 
 
 
P
 
In  

espite the success of current treatments for several types of cancer, all known treatments have major 

ody

 
D
limitations.  To decrease nonspecific toxic effects, targeted therapies are being developed and some have 
already been approved by the FDA for use in humans.  These use both small molecules that target specific 
intracellular pathways in tumor cells and monoclonal antibodies that target cell surface molecules on tumor 
cells.  However, these targeted agents are frequently cytostatic, not cytotoxic, and they are often given in 
combination with chemotherapy in an effort to both lower the dose of chemotherapy required and to achieve 
synergistic effects.  An approach to chemotherapy that combines both targeting and multiple ways to deliver a 
lethal blow to tumor cells would help solve some the current problems.  The use of carbon nanotubes (CNTs) 
in cancer chemotherapy may support such a targeted multi-modal strategy for cancer chemotherapy.  There 
are three objectives in this proposal.  First, to couple monoclonal antibodies (MAbs) to CNTs.  Second, to test 
the targeting and uptake of CNTs to cells via the MAb in model tumor cell culture models.  Third, to assess the 
thermal ablation of the model tumor cells mediated by the CNTs upon irradiation with near infra-red light. 
 
B  

ask 1. To couple monoclonal antibodies (MAbs) to single-walled carbon nanotubes (CNTs) (Months 1-4).  

 
(After the project began, we had the opportunity to collaborate with Dr. Ellen Vitetta and colleagues 

. Approach one, to very lightly oxidize the CNTs to introduce carboxyl groups and then to employ 

 shown in 

biotinylated lipid 

 
Each of these approaches is described individually in the following subsections. 

Task 1a, approach one, to very lightly oxidize the CNTs to introduce carboxyl groups and then to employ 

 
T

The MAbs we will use in pilot studies are anti-HER2 antibodies that bind breast adenocarcinoma 
cells and J591 antibodies that bind prostate adenocarcinoma cells.   

at UT Southwestern who had developed MAbs that bind Daudi cells, a lymphoma cell line.  In what 
follows, we substituted work on the Daudi cell tumor model system for work with the prostate 
adenocarcinoma model system, and have incorporated the results into the progress report.  This 
includes the addition of an item c under Task 1, which describes how Daudi-reactive MAbs were 
attached to SWNTs) 
 
a

standard chemical reactions to couple the MAbs to the carboxyl groups (Months 1-3). 
b. Approach two, to attach the MAbs to a derivative of a cyclic peptide that we have

previous work encircles the CNTs, rendering them water soluble (Months 2-4). 
c. Approach three, to attach biotin to SWNTs using a commercially available 

dispersant that can bind MAbs that have been covalently conjugated to a streptavidin derivative, 
Neutravidin.  (Months 2-4) 

 

standard chemical reactions to couple the MAbs to the carboxyl groups (Months 1-3). 
 
Progress task 1a: 

xidation of Single-walled CNTs (SWNTs).
 
O  Raw HiPco SWNTs were dispersed via sonication in an aqueous 
solution of Triton X-100 prior to chemical oxidation with aqueous nitric acid.  Carboxylic acid groups are known 
to be generated at the end caps and along the sidewalls of the SWNTs under these conditions.  It is important 



 

he overall strategy for attaching MAbs to SWNTs is to biotinylate the SWNTs at carboxylation sites, then 

Characterization of carboxylated SWNTs covalently coupled to Biotin LC-PEO-amine

in this approach to measure the extent of carboxylation to ensure that the optical properties of the SWNTs are 
not destroyed by the over-carboxylation.  We measured the extent of carboxylation as a function of oxidation 
time and determined that a time of 24h introduced 11% carboxylation.  At this extent of carboxylation, the 
SWNTs retained their essential optical properties.  Complete details of this work are in a Masters Thesis by 
Pooja Bajaj (Bajaj, 2008). 
 
T
employ various ways to couple the MAbs to the SWNTs using the very high affinity of NeutrAvidin (a 
streptavidin derivative) for biotin to form MAb/SWNT complexes.  Biotin LC-PEO-amine (commercially 
available) was covalently bound to SWNTs through surface carboxyl groups created under mild acid oxidation 
conditions.  These carboxylic acid groups provided the necessary chemical anchor to covalently couple biotin 
LC-PEO-amine by the ethylene diamine carbodiimide (EDC)-mediated reaction in MES buffer resulting in 
amide bond formation.  As described in our recent publication (Chakravarty et al., 2008) biotin on SWNTs can 
be used in strategies to target MAb-Neutravidin constructs to cancer cells, diagramed in Figure 1.  
 

  
Figure 1.  Noncovalent attachment of  

 neutravidin-conjugated MAbs to 
biotinylated SWNTs.  Biotin LC-PEO-
amine was covalently bound to SWNTs 
through surface carboxyl groups created 
through mild acid oxidation.  The biotin 
can then bind MAbs that have been 
conjugated to NeutrAvidin. 

 
 
 

MAb-NA

COO-Biotin

11

 
 
 
 
 
 

.  Carboxylated and 
biotinylated SWNTs were visualized by atomic force microscopy (AFM) (Figure 2), transmission electron 
microcsopy (TEM) (Figure 3), their optical properties measured using UV-Vis-NIR spectroscopy (Figure 4), and 
the chemical coupling of biotin to SWNT surface carboxyl groups assessed by Fourier Transform Infrared 
Spectroscopy (FTIR) (Figure 5).  AFM images of carboxylated SWNTs dispersed in water (Figure 2a) 
demonstrate a good dispersion of individual and small bundles of SWNTs.  Upon biotinylation, features 
suggesting covalently coupled biotin were observed along the length of the SWNTs as indicated with the 
arrows (Figure 2b).   
 
 
 
 
 
 
 
 
 
 
 

Figure 2. AFM images of SWNT dispersions.  The SWNTs were functionalized with carboxylic acid 
groups by a mild nitric acid reflux.  After neutralization, they were resuspended in distilled water by 
sonicating for 10 min and centrifuging at 16,000 x g for 10 min.  The supernatant was collected for analysis.  
The carboxylic acid modified SWNTs were covalently coupled to Biotin-LC-PEO-amine via an EDC 
mediated reaction in MES buffer. (a) AFM image of carboxylated SWNTs illustrating a good dispersion, and 
(b) AFM image of biotinylated SWNTs showing covalently coupled biotin moieties at carboxyl 
functionalized sites (arrows point to biotinylated sites). 

MAb-NAMAb-NA

COO-BiotinCOO-Biotin

 

 

 
 

250 nm 

 
 

250 nm A B



 
To more directly assess the presence of biotin on SWNTs, biotin was detected by TEM using streptavidin-
labelled gold (SA-Au).  As seen in Figure 4, SA-Au  bound to discrete sites only present on the SWNTs, 
suggesting that biotin was indeed attached to the SWNTs.   
 
 

100 nm 

Figure 3  Binding of SA-Au particles 
to biotinylated SWNTs assessed by 
TEM.  100 µL of biotinylated SWNT 
dispersion was incubated with 5 µL of 
1:50 SA-Au solution, vortexed, and 
reacted for 12h.  The sample was 
ultracentrifuged to pellet the SWNTs 
and separate them from unbound SA-
Au particles.  The pellet was 
resuspend in DI water and 5 µL 
dropped on the grid. Excess water was 
wicked away and the samples dried for 
TEM. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
UV-Vis-NIR spectra of carboxylated SWNTs in MES buffer show the presence of van Hove singularities 
(Figure 4a) that are retained after biotinylation of the carboxyl sites (Figure 4b).  This demonstrates that the 
carboxylated and biotinylated SWNTs retain the ability to absorb NIR, necessary for heating of SWNTs 
exposed to NIR. 
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Figure 4. Uv-Vis-NIR 
spectra of (a) carboxylated 
SWNTs in MES buffer, 
and (b) biotinylated 
SWNTs redispersed in DI 
water. 

 
 
 
 
 
 
 
 

 
 
 
 
FTIR spectra acquired from biotinylated SWNTs were compared to those of carboxylated SWNTs in order to 
confirm the covalent coupling, through amide bond formation, of Biotin-LC-PEO-amine to the SWNT surface 
carboxyl groups.  FTIR spectra of carboxylated SWNTs (Figure 5 left and 5 right (i)) exhibit peaks at 1720 cm-1 
and 1589 cm-1 characteristic of the carbonyl stretch (C=O) and C=C stretch, respectively.  As biotinylation 
progresses (Figure 5b (ii)  (v)), the peak for the carbonyl stretch associated with the carboxylic acid (1720 
cm-1) decreases and the peak associated with the amide (1635 cm-1) increases. 

 12



SUMMARY, 
TASK 1A: We 
have lightly 

carboxylated 
SWNTs and 

attached 
biotin to them.  
The biotin can 
now be 
exploited to 
attach any 
MAb that can 
be coupled 
directly or 
indirectly to 
the biotin for 
targeting of 
SWNTs to 
epitopes on 
cells that the 
MAb binds. 
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ask 1b, approach two, to attach the MAbs to a derivative of a cyclic peptide that we have shown in previous 
 

Figure 5. FTIR spectra of SWNTs.  (Left) Carboxylated SWNTs showing the carbonyl stretch (C=O) at 
1720 cm-1 and the C=C stretch at 1589 cm-1.  (Right) SWNTs showing changes in the 1500-1800 cm-1 region 
during biotinylation.  In order: (i) carboxylated SWNTs refluxed in nitric acid; (ii) to (v) biotinylated 
SWNTs with increasing biotin concentration in the reaction system.  The carbonyl peak at 1720 cm-1, owing 
to the carboxylic acid, decreases in intensity and a peak originating at 1635 cm-1, attributed to the carbonyl 
(C=O) in the amide, simultaneously increases. 

T
work encircles the CNTs, rendering them water soluble (Months 2-4). 
 
Progress task 1b:   

ribed cyclic peptides that encircle SWNTs, make them water soluble, and provide a We previously desc
platform for attaching ligands to the SWNTs (Ortiz-Acevedo et al., 2005) A model of the peptide wrapping a 

SWNT is 
shown in 
Figure 6.   
 Figure 6.   Energy minimized model of 

ing D-

e 

-Y-DA-K-DA-K-DA-K-DA-K-DA-K-DA-K-DA-Q-C 

cyclic peptide RC7-Cys encircling a 
SWNT.  The pepide contains alternat
Alanine and L-Lysine to produce curvature 
and Cysteine residues at the each end to 
covalently close around the SWNTs.  Th
entire peptide sequence is: 
 
C
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he strategy for attaching SWNTs to MAbs with this approach is to incorporate biotin into the peptide, and use 

o confirm that biotin was present, we did TEM of SWNTs wrapped with the biotinylated peptide using 

T
biotin/NeutrAvidin interactions to couple the SWNTs to MAbs, similar to the approach outlined in Figure 1.  
Since the peptides are chemically synthesized in house, we can incorporate functionalities like biotin at any 
location desired in the peptide.  The scheme we used to put biotin on a single lysine residue of the cyclic 
peptide is outlined in Figure 7.  The peptide was purified and analyzed by mass spectrometry to verify that it 
was the correct structure.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.  Synthesis, purification, and verification of RC7-Cys containing a single  
biotin residue.   

 
T
streptavidin-gold conjugates to locate biotin on the SWNTs.  A schematic of the approach is presented in 
Figure 8.  The TEM images are shown in Figure 9. Gold particles are readily detected along the length of 
SWNTs wrapped with cyclic peptide that contains biotin, and the greater the percent of biotinylated peptide 
(compared to non-biotinylated peptide) used to wrap the SWNTs, the greater is the gold labeling (Figure 9).   

 
 
 
 
 
 
 
 
 
 
 
 

 
 Figure 8.  Protocol for TEM of gold-labeled SWNTs wrapped with RC7-Cys-biotin.    
 
 
 
 
 
 



 
 
 
 

 

igure 9.  TEM images of SWNTs wrapped 

op left, 0% biotinylated;   
  

 
.   

he biotin residues are identified by the 
 to 

 
a single biotin on a lysine residue was synthesized, 

ask 1c, approach three, to attach biotin to CNTs and use MAbs coupled to Neutravidin to direct the 

rogress task 1c:   

his approach uses a biotinylated lipid molecule that non-covalently binds to and disperses SWNTs.  The 

UMMARY, TASK 1C:  Both tumor specific and control MAbs have been attached to SWNTs (see appendix 

ask 2. To test the targeting of CNTs to cells via the MAb in tumor cell culture models (Months 5-9):  We will 

 
a. Test the binding of CNT-MAbs to the surface of cells (Months 5-7). 

s 5-7). 

 
 
 
 
F
with different ratios of biotinylated cyclic 
peptides to non-biotinylated peptides.   
 
T
Top right, 10% biotinylated;
Lower left; 50% biotinylated; 
Lower right, 100% biotinlyated
 
T
binding of 5nm gold particles conjugated
streptavidin.  

SUMMARY, TASK 1B.  The cyclic peptide RC7-Cys with 
purified, and the structure verified by mass spectrometry.  The material was used to disperse SWNTs and the 
presence of biotin on the SWNTs was verified by TEM.  During this work, we discovered that the cyclic peptide 
dispersed SWNTs aggregated in cell culture medium.  We think the reason for this is that the relatively high 
salt concentration in medium shields the positive charges on lysine residues in the peptide, allowing close 
approach of the dispersed SWNTs in salt, resulting in aggregation.  This aggregation precluded tests of cell 
binding and uptake in tasks 2 and 3.  We are presently redesigning the cyclic peptide to remove most of the 
lysine residues, which should produce a dispersant that is less sensitive to aggregation by salt.   
 
T
biotinylated CNTs to tumor cells. 
 
P
 
T
preparation of the biotinylated SWNTs and coupling of the material to MAbs conjugated NeutrAvidin are 
described in a manuscript published in June, 2008, and attached as Appendix A (Chakravarty et al, 2008).   
 
S
A).  As described next in tasks 2 and 3, SWNTs have been targeted to tumor cells with this system, and 
thermally ablated them with NIR light. 
 
T

focus on BT-474 breast adenocarcinoma cells and LNCaP prostate adenocarcinoma cells:  

b. Assess whether the binding of CNT-MAbs to cells is specific (Month
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subcellular location. 

 
f the three methods described in task 1 for attaching MAbs to SWNTs, two were carried forth into task 2: the 

Task 2a, to test the binding of CNT-MAbs to the surface of cells (Months 5-7) and task 2b, to assess whether 

c. Measure the internalization of CNT-MAbs by cells and determine their 
(Months 7-9) 

O
carboxylation and direct addition of biotin to SWNTs (approach 1) and the use of biotinylated lipids to disperse 
SWNTs (approach 3).  The cyclic peptide method (approach 2) was not carried into task 2 due to unanticipated 
aggregation problems, as described in the previous section.   

 

the binding of CNT-MAbs to cells is specific. 
 
Progress with carboxylated and biotinylated SWNTs (prepared in task 1a).   

he method for targeting biotinylated SWNTs to BT-474 cells is summarized in Figure 10.  A reagent sandwich 

 

 
he general method for sample preparation w 0  per well on 

 
T
approach is used in the targeting and relies on the fact that NeutrAvidin has 4 binding sites and can bind both a 
biotinylated MAb on the cell surface and biotinylated SWNTs.  To directly detect SWNTs associated with the 
cells, we exploited the distinctive Raman signature of SWNTs (termed the “G” band) that can be measured 
using a confocal Raman microscope.  The laser is aimed at the cell of interest and the Raman spectrum is 
recorded.  As a control, the laser is also aimed at a location on the dish where there are no cells and the 
spectrum is recorded.  The area under the G band peak is used as an estimation of the SWNT amount.  
 

 Figure 10.  Method for targeting and 

in 

n 

r-

binding SWNT/biotin complexes to 
breast BT-474 adenocarcinoma cells.  
These cells overexpress the Her-2 prote
and we use anti-Her-2 MAbs to target the 
SWNTs to the cells.  We obtained our 
anti-Her-2 (Her-66) courtesy of Dr. Elle
Vitetta (UTSW Medical Center).  The 
cells were fixed, incubated with anti-he
2, washed, incubated with biotinylated 
goat-anti-mouse IgG, washed, and 
NeutrAvidin was added.    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4T as as follows:  BT-474 cells were plated at 2x1
12mm coverslips in 4 well cell culture dishes and grown at 37o for six days in media recommended by ATCC 
for these cells and supplemented with 10% FBS and antibiotics.  The cells were washed 3 times in PBS, and 
then fixed with cold 4% paraformaldehyde at room temperature for 15 min., and washed again 3 times.  BSA 
(10mg/ml) was added and the cells were rocked for 10 min to block non-specific sites.  The primary antibody, 
mouse anti-Her 2 antibody (Her 66 from E. Vitetta 1.47 mg/ml) was diluted either 1:1000 or 1:10,000 in BSA 
(10 mg/ml in PBS) and 15 ul was placed on each coverslip except for the control well.   The antibody was 
allowed to bind for 45 min at room temp then the antibody was removed by washing 3 times with PBS and BSA 
was added as previously and reacted for 10 min.  The secondary antibody, goat anti mouse IgG conjugated 
with biotin (Pierce 318000) at a conc. of 1.1 mg/ml, was diluted 1:1000 or 1:5000 in BSA as above and 15 ul 
was placed on each coverslip.  The antibody was allowed to bind for 30 min, and removed by washing 3 times 
with PBS. BSA was added for 10 min then the coverslips were washed once with PBS.  The NeutrAvidin 
conjugated with FITC (Pierce 31006) at a conc.of 5.5 mg/ml in PBS was diluted 1:5000 in PBS and 15 ul was 
placed on each coverslip.  The NeutrAvidin was allowed to bind for 35 min and removed by washing 3 times 
with PBS.  Biotinylated SWNTs that had been dialyzed (15ul) was added to each coverslip and allowed to bind 



for 30 min. The excess material was removed by washing with PBS.  The coverslips were mounted onto a slide 
with Fluoromount G. 
 
After optimizing the conditions and concentrations of reagents, specific details of the cell samples we studied 
are summarized in Table 1.  Sample CS1 is a control with no primary antibody; samples CS2 and CS3 had all 
reagents, but differed in the type of NeutrAvidin used (NA alone or NA conjugated to FITC).   
 
 
 

4 Samples: CS1 CS2 CS3 

Primary AB none Yes (1/1000) Yes (1/1000) 

Secondary AB Yes (1/1000) Yes (1/1000) Yes (1/1000) 
NA or FITC- NA FITC-NA 

(1/2500) 
NA 
(1/2500) 

FITC-NA 
(1/2500) 

Biotin-SWNT 15ul 15ul 15ul 
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The area under 
the Raman G 

bands for the different samples of Table 1 are shown in Figure 11 when the laser was either pointed within a 
cell boundary (in) or outside a cell boundary (out).   Sample CS1 had no primary antibody, and no signal is 
seen.  Samples CS2 and CS3 had all reagents, but differed in the type of NeutrAvidin used.  Both showed the 
presence of the SWNT G band.  The fact that there was no signal in cells where only the primary antibody was 
missing is evidence of specific binding. 

Table 1.  Reagents added to samples for targeting biotinylated SWNTs to BT-474 cells. 

 
 

 
Figure 11.  Raman signal when 
laser is aimed at a cell (blue) or 
outside a cell (pink).  Sample CS1 
had no primary antibody, and no 
signal is seen.  Sample CS2 and 
CS3 had all reagents, but differed 
in the type of Neutravidin used.  
Both showed the presence of the 
SWNT G band.  Sample CS4 had a 
reduced amount of Neutravidin and 
the G band signal declined.  

 
 
 
 
 
 
 
 
 
 
 
 
 

Progress with SWNTs dispersed by a biotinylated lipid prepared in task 1c. 
 
SWNTs dispersed with a biotinylated lipid were targeted to Daudi cells by attaching MAbs to NeutrAvidin and 
using the interaction of NeutraAvidin with biotin on the SWNTs to form a complex that was then incubated with 
Daudi cells.  Details of the binding methods and the specificity of the method are presented in published 
manuscript, attached as Appendix A (Chakravarty et al., 2008). 
 
Progress with task 2c, to measure the internalization of CNT-MAbs by cells and determine their subcellular 
location. (Months 7-9) 
 
To quantify the uptake and subcellular location SWNTs, we had to develop a new method for measuring cell-
associated SWNTs that was sensitive enough to detect the low levels of material in cells.  To develop this 
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method, we used SWNTs dispersed in culture medium that were not targeted to cells because the targeting 
systems are very expensive due to the cost of MAbs.  Also, we have had previous experience in different 
model systems on the uptake by cells of non-targeted SWNTs via fluid-phase endocytosis (Chin et al., 2007; 
Yehia et al., 2007).  With the non-targeted model system we successfully developed a new approach to 
quantifying SWNTs in cells and tissues that involved extracting the SWNTs with hot SDS followed by gel 
electrophoresis that concentrated the SWNTs at the buffer/stacking gel interface.  The intensity of the band 
formed at the interface is proportional to the amount of SWNTs extracted and we can measure as little as 2 ng 
SWNTs in this system.  The method was deemed so successful and potentially useful that the patent attorney 
for the university advised us to patent the method.  Appendix B is the disclosure of the patent to the university 
and will be the basis for preparation of the patent document.  The disclosure presents the method and results 
in detail (Appendix B).  Now that this method is developed, we can apply it to measure the binding, 
internalization, and subcellular location of SWNTs targeted to cells with MAbs in future work. 
 
SUMMARY OF TASKs 2A, 2B , and 2C:   
 
Carboxylated/biotinylated SWNTs were targeted to fixed BT-474 cells by the anti-Her-2 antibody using the 
multicomponent assay.  Evidence of specificity was that leaving out the primary antibody did not produce the 
signature Raman G band associated with SWNTs.  
With the Daudi cell system, the SWNT/biotin/MAb complex was specifically targeted to cells that had the 
correct antigen for the antibody used.  Note that two different antibodies were employed to target SWNTs and 
that the SWNTs/biotin/complex only bound to cells that were known to react with appropriate antibody 
(Appendix A).    
 
 
 
Task 3. To assess the thermal ablation of the tumor cells in the model cell systems upon irradiation with near 

infra-red light (NIR) (Months 9-12): 
 

a. To load cells with different amounts of CNT-MAbs, as determined in Task 2 and expose them to 
NIR (Months 9-10) 

b. To assess the viability of cells exposed to CNT-MAbs after exposure to NIR (Months 9-10) 
c. To optimize conditions for loading cells with CNT-MAbs and exposing the cells to NIR to 

maximize specific ablation of tumor cells (Months 10-12). 
 
Progress in Task 3, to assess the thermal ablation of the tumor cells in the model cell systems upon irradiation 
with near infra-red light (NIR) (Months 9-12) 
 
Summary:  Of the model systems explored in this work, the Daudi cell lymphoma cancer model was the best 
developed for the final task, targeted photo-thermal ablation of cancer cells in culture.  The work was 
successful and resulted in a publication (Chakravarty et al., 2008).  Details of the work are given in the 
manuscript attached as Appendix A.   
 
KEY RESEARCH ACCOMPLISHMENTS: 

1. We have optimized a nitric acid reflux process that produces carboxylated SWNTs that form stable 
dispersions in DI water while maintaining their optical absorption properties. 

2. Carboxylated SWNTs have been chemically coupled to Biotin-LC-PEO amine as evidenced by AFM, 
TEM, and FTIR spectroscopic studies. 

3. Biotiylated SWNTs have been targeted to breast adenocarinoma cells using anti-her2 MAb and 
NeutraAvidin to bridge between the MAb and the biotinylated SWNTs. 

4. Cyclic peptides containing biotin have beensynthesized and used to wrap SWNTs.  The presence of 
biotin on the SWNTs was demonstrated by streptavidin-mediated binding of 5 nm gold particles using 
TEM. 

5. We developed a new approach to extract and quantify SWNTs in cells and tissues that can detect as 
little as 2-5 ng SWNTs in a 50 µl sample.   
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6. Using the Daudi cell system, in collaboration with Ellen Vitetta at UT Southwestern Medical School, we 
coupled a form of biotinylated SWNTs to MAb NeutrAvidin conjugates, targeted these specifically to 
cells that react with the targeting MAb, and thermally ablated only cells that bound the correct 
MAb/SWNT complex. 

 
REPORTABLE OUTCOMES: 

1. An abstract for an oral presentation was submitted to the Microscopy and Microanalysis 2008 
conference to be held in Albuquerque, August 2008, and the presentation was made. 

2. A manuscript and M.S. Chemistry thesis are in preparation that details the time-dependent study to 
prepare carboxylated SWNTs via mild acid oxidation.  

3. A patent disclosure was filed at UT Dallas describing the method for extracting and quantifying SWNTs 
from cells and tissues (Appendix B).  A manuscript on this method is in preparation. 

4. SWNT/MAb complexes have been specifically targeted to Daudi cells (and control cells), and the 
targeted cells have been efficiently killed with NIR.  This work is now published (Chakravarty et al., 
2008) (Appendix B). 

 
CONCLUSION 
 
SWNTs can be targeted to cancer cells with MAbs and the cancer cells can be eliminated by thermal ablation 
upon exposure to NIR light.  This non-invasive and selective approach to cancer chemotherapy is viable and is 
now being expanded into animal studies.  So what?  If this method is successful in eliminating human tumors 
in mice it may prove to be a strong weapon in the war against cancer. 
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Project #4: Advanced DNA Microarray Technologies based on Homologous Strand Exchange 
and Magnetic Nanomanipulation 
 
 
Introduction 
 
Homologous base-pairing interactions are the physical basis for many nucleic-acid-based diagnostic and 
forensic techniques.  Within the last decade, adaptation of nucleic-acid-hybridization methods to high-
throughput technologies such as microarray analysis has dramatically advanced the identification of complex 
disease states, detection of mutations and polymorphisms, discovery of new drugs, and detection of 
pathogens.  It is generally agreed that fine-structure mapping of DNA rearrangements such as those in 
leukemia and lymphoma requires stringent hybridization technologies for DNAs in the size range of 100 bp to 
several kbp.  Present high-throughput technologies are restricted to targeting relatively short nucleic-acid-
sequence motifs (on the order of 50 base pairs) because longer sequences can form relatively stable hybrids 
even in the presence of base mismatches of significant length or insertions/deletions on either nucleic-acid 
strand.  To overcome this limitation we will develop a novel microarray-based hybridization technology that 
exploits the homologous pairing of DNA strands driven by the RecA protein of E. coli.  This protein-induced 
strand-association reaction is highly specific, chemically and mechanically reversible, and amenable to 
detection by surface-plasmon-resonance techniques.  Using magnetic torque-induced dissocation of RecA-
DNA complexes conjugated to magnetic nanoparticles, we will establish the use of magnetic-field-dependent 
strand-association isotherms as a sensitive method for detecting hybridization of motifs up to 300 bp. 
 
Body 
 
The original proposal contained three technical objectives: 
 

i. Establish proof of principle that RecA-mediated strand exchange can be used to identify and 
discriminate DNA-sequence alterations associated with the molecular etiology of human cancers 

 
ii. Detect the formation and dissociation of RecA-DNA synaptic complexes and quantify complex stability 

using surface-plasmon resonance spectroscopy 
 
iii. Develop methodologies for the attachment of probe DNA duplexes to surfaces and magnetic 

nanoparticles 
 

In response to reviewer concerns about applications of the technology to large-scale screening, we re-
prioritized these objectives to focus on (ii.) at the expense of (i.) and (iii.).  In particular, we undertook the 
development of a novel surface-plasmon-resonance-imaging instrument (SPRI) design.  To our knowledge, 
this is the only current instrument housing a permanent magnetic field.  Previous results that bear on (i.) are 
described below, followed by progress reports on (ii.) and (iii.) over the 12-month period 8/07 – 8/08. 

 
Task i. 
 



RecA-mediated strand exchange.  Pairing of DNA strands mediated by the E. coli RecA protein and its 
homologs in higher organisms is an essential step in general DNA recombination, an essential biological 
process for correcting damage to a cell’s genetic code.  As shown in Fig. 1, the RecA strand-exchange protein 
binds to single-stranded DNA (ssDNA) in the presence of ATP, or its slowly hydrolyzable form, ATPγS 
(adenosine 5'-O-(3-thio)triphosphate), to form a right-handed nucleoprotein filament.  This nucleoprotein 
filament subsequently searches for homologous sequences on duplex DNA (dsDNA), followed by pairing of the 
incoming strand and its complement.  A triple-stranded intermediate is formed consisting of a new DNA 
structure in which the incoming single strand is paired with the complementary strand from the original duplex 
and the nascent displaced strand is wound around the newly formed duplex region.  For DNAs 100 bp to 1 
kbp, RecA-dependent homologous pairing has much higher specificity than normal Watson-Crick base pairing; 
local disruptions of homology greater than 3 nt strongly destabilize the RecA synaptic complex.1; 2  
 

Controlled homologous pairing and magnetic nanomanipulation.  RecA-mediated strand exchange 
unwinds the targeted duplex by about 1.8-fold, an effect that can be monitored in vitro by carrying out the 
reaction on a covalently closed target molecule.3;4  Overwinding of the duplex, such as that generated by 
positive (+) supercoiling, stalls or inhibits complex formation.2; 5   Fig. 2 shows that the critical extent of 
intercalator-dependent (+) supercoiling required to dissociate a RecA synaptic complex on covalently closed 
DNA (ccDNA) is linear in the size of the homologously paired region.  This implies that observing synaptic-
complex dissociation as a function of externally applied torsion is a potentially sensitive technique for 
discriminating the size of homologous regions. 

Homologous length, bp
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Fig. 2.  Extent of positive supercoiling, in terms of 
critical concentration of the intercalator chloroquine, 
required to displace homologous RecA-DNA 
synaptic complexes involving human telomeric-
repeat sequences.  The critical concentration was 
determined by agarose-gel electrophoresis of RecA 
synaptic complexes containing 32P-labeled ssDNA.  
Although the drug-concentration values correlate 
linearly with (+) supercoiling, the absolute DNA-twist 
change could not be determined in these 
experiments.  The fact that the extrapolated linear 
dependence gives a y-intercept near 0 is consistent 
with synaptic complexes being displaced by (+) 
supercoiling rather than competition between 
intercalator and the RecA-ssDNA filament. (Zein & 
Levene, unpublished)

This effect can 
be exploited by 

covalently 
attaching 5′ and 3′ 
termini at one end 
of a dsDNA to a 
surface and 
conjugating both 
strands at the 
opposing end to a 
magnetic NP (see 
objective (iii.)).  
This approach has 
been used to 
investigate RecA-
DNA interactions 

with single-molecule force spectroscopy2 and lends itself naturally to a microarray-based diagnostic platform.  
The stability of homologous interactions between incoming RecA-coated ssDNA targets and a partially or fully 
homologous probe duplex will be characterized using externally applied magnetic torque.  It should be noted 
that the small size of magnetic NPs make these nanostructures particularly suited to microarray-based 
applications in which DNA duplexes are closely spaced.  Micron-sized iron-oxide particles, such as those used 
in single-molecule magnetic-trap experiments, are too large for this application (they are comparable to the 
size of a single microarray spot and also about an order of magnitude larger than the contour length of a 
dsDNA molecule in the size range of interest). 
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Fig. 1.  In the presence of ATP, RecA (blue 
spheres) polymerizes on single-stranded DNA to 
form a presynaptic filament.  During synapsis, the 
presynaptic filament (green arrow) is aligned with 
a complementary sequence in homologous duplex 
DNA. In linear DNAs, the synaptic complex is 
extended over the length of homology, followed 
by strand exchange, which displaces the DNA 
strand that is not complementary to the incoming 
single strand.  Figure adapted from Fulconis et al. 
2 

Task ii. 
 

Analysis of 
RecA-DNA 

complex 
formation using 

surface-plasmon 
spectroscopy.  

Surface 
phenomena taking 



place on a DNA 
microarray are 
ideally suited to 
monitoring by 

surface-plasmon-
resonance imaging 
(SPRI).6  In SPR, 
the change in 
refractive index of a 
solution at the 

liquid-surface 
interface can be 
determined from the 
change in the 
critical angle of 
refraction (Fig. 3).7; 

8  This technique is 
one of the most 
versatile methods 
currently available 
for high-throughput 
analysis of 
interactions among 

biomolecules 
without the use of 
fluorophores or 
other labels.   

Fig. 3.  Principle of surface-plasmon-resonance imaging (SPRI).  (A) Plane (p-) polarized light 
illuminates a metal surface from below at an angle of incidence, αinc, greater than or equal to that 
required for total internal reflection.  (B) Scanning-angle SPR reflectance curves for different samples 
showing the increase in angle of maximum reflectance as a function of binding events occurring on the 
surface.  Note that there is a shift in the reflectance curve observed for immobilized molecules relative 
to the gold substrate; an additional shift occurs on binding of analyte molecules.  This is shown in (C) 
as a pattern of spots with varying intensities on the black background.  The area of greatest intensity 
corresponds to that where analyte is bound.  From Steiner 7 

A B 

C 

We have 
designed and 
begun construction 
of a high-

performance SPRI instrument that incorporates an indwelling permanent magnetic-dipole field.  The goal is to 
obtain direct mechanical readout of the sizes of RecA-dependent homologous regions by using magnetic-twist-
dependent SPRI on surface-immobilized/magnetic-NP-conjugated duplex DNAs.  This special application of 
SPRI dictates a number of important details regarding instrument and experimental design. 

 
SPRI instrument design and construction.  The principle of SPRI is based on the interaction of 

electromagnetic radiation (surface plasmons) propagating along a free-electron-metal surface (usually Au) with 
a dielectric layer in contact with the surface (Fig. 3).  Surface plasmons are excited by p-polarized light 
impinging on a surface at an angle equal to or greater than the critical angle required for total internal 
reflection.  Normally, the incident beam is coupled via a prism into a metal layer (thickness ≈ 50 nm) deposited 
on glass or fused-silica slides.  The angle corresponding to the maximum intensity of reflected light is a 
sensitive function of the refractive index at the metal-dielectric interface; this refractive index is perturbed by 
the binding of analyte molecules to the metal surface.  A shift in the angle corresponding to maximum 
reflectivity can be measured by rotating the detector; more typically, the change in reflectivity for a fixed angle 
is determined.  Sensitivity of the technique is such that refractive index changes on the order of 0.01% can be 
detected.7  With proper optics and control of other variables, spatial resolution in the detected image on the 
order of 2 μm can be achieved.9 

In order to provide optimal sensitivity and instrument flexibility, there were several design considerations.  
First, a stable and compact instrument with a wide angular range was sought.  The design was envisaged as 
encompassing capabilities for both SPRI and fluorescence imaging (possibly with changes of the light source).  
In both cases, imaging of the surface occurs at high angles and this dictated specific details of the detection 
optics.  Second, the SPRI instrument had to accommodate a large magnetic dipole with a permanent field 
greater than 0.5 T.  This is the field strength needed for magnetic manipulation of surface-immobilized RecA-
DNA complexes conjugated to magnetic nanoparticles, as described in task (iii.).  Because this field is close to 
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the limit of what can be achieved with even the strongest permanent magnetic materials, the design needed to 
take into account the presence of a 35-lb rotatable magnet assembly.  The requirement for a massive magnetic 
dipole was incompatible with any currently available commercial instrument.  Other solutions such as the use 
of an electromagnet were not adopted due to the difficulties involved in dissipating excess heat.  Finally, we 
aimed to optimize overall stability of instrument response by using a stabilized HeNe light source and attending 
to details of mechanical vibration isolation. 

A B Rotatable 
magnetic 
dipole 

Prism-
mounted 
sample cell 

A published SPRI-instrument design by Lyon et al.10 provided a useful starting point.  However, this 
published design is neither compact, nor does it provide any possibility of above-plane fluorescence detection.  
Moreover, the relative positions of optical elements must be readjusted for large changes in the incident and 

reflectance angles in order to maintain focus.  To avoid 
these problems, we 
designed our 
instrument around 
a pair of coaxial 
rotation stages 
mounted on the 
sides of a custom-
built aluminum 
mounting platform 
(Fig. 4).   
All optical 
components are 
mounted on rigid 
cage assemblies 
that can rotate over 
a wide range on a 
pair of  
 
 

Fig. 4.  CAD model of the SPRI instrument under construction.  (A) Near-frontal view showing the 
illumination arm on the right and image-detection arm on the left.  Layouts of optical components are 
specified in greater detail below.  Location of the prism/sample cell assembly is indicated and the 
permanent-magnet dipole assembly is shown.  (B)  Side view of the apparatus, which illustrates the 
design’s wide range of angular motion. 
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Fig. 5.  CAD model of the SPRI 
instrument illumination arm.  Components 



are labeled as follows: (a) HeNe laser; (b) Glan-Thompson polarizer (c) aspheric lens assembly on z-axis translation stage; (d) pinhole 
on 2-axis translation stage; (e) 1-in collimating lens; (f) 2-in beam-steering mirror assembly; (g) 2-in, f = 350 mm lens. 
 
 
Micos PRS-200 motorized open-loop-stepper rotation stages.  Fig. 5  shows a detailed view of the illumination 
arm of the apparatus.  The incident beam is generated by a 1.2-mW, 633-nm stabilized HeNe laser (Melles 
Griot).  The beam passes through a Glan-Thompson polarizer, spatial filter assembly (aspheric lens/20-μm 
pinhole/1-in collimating lens), and a 2-in, f=350 mm plano-convex lens.  This optical configuration is designed 
to provide stable and highly uniform illumination of the sample with extremely low wavefront distortion.  The 
folded beam path is critical to achieving uniform illumination because the 0.5-mm-diameter HeNe beam can 
easily be expanded to a spot size that is more than 100-fold larger at the position of the sample.  
 
An Au-coated cover slip is pressure fitted to a custom-built flow cell that will be temperature regulated by a 
homebuilt Peltier device.  This sample cell is optically mounted with index-matching fluid to a 70°-40°-70° prism 
(Tower Optics) secured by stainless-steel rods to a 3-axis translation assembly.  The image-collection arm of 
the instrument is shown in Fig. 6. Because imaging of the sample surface occurs at high angles, the image is 
compressed in the plane of reflection.  This is corrected by using a pair of hemicylindrical lenses.   
 
The refocused beam is then collected by a high-performance EMCCD camera (Andor DL604, 1004x1002 8-μm 
pixels). Image acquisition, rotation-stage control, and data processing are being programmed in LabView 
(National Instruments), taking advantage of the availability of software-development kits sourced from 
component vendors.  Mechanical and optical stability of the imaging system is further improved by mounting 
the entire apparatus on a vibration-isolated workstation (Kinetic Systems MK26). 

 
 
 
 
Fig. 6.  CAD model of the SPRI instrument 
image-collection arm.  Components are labeled as 
follows: (a) 2-in beam-steering mirror assembly; 
(b) 2-in f = 50 mm plano-convex  hemicylindrical 
lens; (c) 2-in f = 150 mm plano-convex  
hemicylindrical lens; (d) Andor 1002x1004-pixel 
EMCCD camera. 
 
 
 
 
 
 
 
 
 
 

 
 
Magnetic nanoparticles for biological applications.  We are working with J.P. Liu’s group at UT-Arlington to 
produce uniform, near-monodisperse FePt-based ferromagnetic NPs with diameters in the sub-10-nm size 
range.  This size range is three orders of magnitude smaller than conventional Fe-oxide ferromagnetic beads 
and well-suited to applications such as macromolecular arrays.  Nanoparticles with dimensions as small as 4-
nm have been synthesized and have greatly enhanced magnetization (magnetic dipole moment per unit 
volume, 6 - 8·105 A⋅m-1), and high room-temperature coercivity (8 – 16·105 A⋅m-1).11  Particle size, morphology, 
and magnetic properties are well controlled and tuned in accordance with applications.  Simple calculations 
show that rotation of a 0.5-T magnet will produce sufficient magnetic coupling to generate high levels of 
supercoiling in short tethered DNA fragments.   
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Fig. 7.  Synthesis and physical properties of Au-coated FePt nanoparticles.  (A) High-resolution 
transmission EM images of 6-nm FePt NPs coated with a 2- to 4-nm Au shell.  The fcc lattice structure of 
Au can be seen with a characteristic lattice constant of 0.236 nm.  Bar = 2 nm. (B) Nano-beam diffraction 
data for FePt@Au NPs, with ring diameters characteristic of Au(111) and FePt(111).  (C) Magnetic 
coercitvity curves for Au-coated FePt nanoparticles.  The presence of hysteresis loops, a signature of 
ferromagnetic behavior, can be seen for NPs containing Au up to a mole fraction of 0.79.  Additional 
increases in Au mole fraction abolish ferromagnetic behavior. 

The present 
challenge is to 

develop 
biocompatible 

coatings that 
support interfacial 

chemistry 
appropriate for 

covalent 
attachment to DNA 
yet do not 

significantly 
perturb the 
particles’ magnetic 
properties.  The 
Liu group has 

made substantial recent progress in developing 8-nm diameter Au-coated FePt NPs (Fig. 7), for covalent 
attachment to 5′/3′ thiol-terminated dsDNA fragments.  Other coupling chemistries are also being explored 
such as amino-terminated DNA to silica-coated particles.  There is ongoing optimization of synthesis 
techniques to further increase the coercivity of Au-coated NPs. 

Methodology for attachment of specific DNA fragments to magnetic nanoparticles and surfaces.   
As in many biosensor applications, the mechanisms for linking recognition molecules to surfaces in a 
controlled and specific manner, and the use of non-fouling surfaces, are critical to the success of the method.  
We found that attaining reproducible behavior with this nanoparticle system demanded a more thorough 
characterization of FePt@Au nanoparticle physical properties; specifically, knowing the concentration of NPs 
from optical absorption measurements.  The complex core-shell structure of these particles and the absence of 
information about the optical properties of the nanocrystalline FePt core necessitated that the NP extinction 
coefficent be determined empirically. 

We first had to find a suitable solvent system for dispersing FePt@Au NPs and identified cyclohexanone as 
nearly optimal for these experiments.  Visible absorption spectra could be reliably obtained in this solvent.  We 
also found that dilute suspensions of NPs in cyclohexanone could also be deposited on highly-oriented 
pyrolytic graphite (HOPG) for imaging by AFM.  Examples of NP images obtained on HOPG substrates are 
shown in Fig. 8.  An estimate of the NP molar-extinction coefficient was therefore obtained by finding the 
density of particles on the surface and comparing this value with the optical absorption at 510 nm.  These 
studies gave an extinction-coefficient value equal to 4.0·109 M-1 cm-1. 

Another outcome of these studies was a more complete picture of nanoparticle shape.  The height 
distribution of nanoparticles in these AFM experiments appears bimodal (Fig. 8B), consistent with an axial ratio 
near 2:1.  Thus, these nanoparticles are more closely resemble oblate ellipsoids than spherically symmetric 
clusters. 
 
Key Research Accomplishments 
 

• Development and construction of a novel surface-plasmon-imaging instrument capable of analyzing 
magnetically-controlled DNA hybridization experiments in a high-throughput format 
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• Synthesis and characterization of Au-coated FePt ferromagnetic nanoparticles suitable for 

conjugation to DNA and other biomolecules 
 
 
 
 
 
 
 
 
Reportable Outcomes 
 

Manuscripts:  
Shoura, M.J., Vikas, N., Kazuaki, Y., Liu, J.P., and Levene, S.D.  Development and properties of 
ferromagnetic nanoparticle-DNA conjugates.  Manuscript in preparation. 
 
G rant applications: 
Advanced DNA Microarray Technologies Based on Magnetic Nanomanipulation (PI: Levene, co-PIs: Liu, 
Hu, Hanke).  Texas Advanced Research Program, $150,000 (T/DC) 
 
Interfacial Chemistry for Magnetic Nanomanipulation of DNA and Protein-DNA Complexes (PI: Levene, 
CINT collaborators: Martinez, Dattelbaum, Huber).  LANL/CINT User Program. 
 

Conclusions 
 

We have devised a method for real-time, high-throughput monitoring of macromolecular interactions under 
conditions where magnetic nanomanipulation of target molecules can be achieved.   The proposed application 
of this technology is a new microarray-based platform for fine-structure mapping of genomic rearrangements 
based on RecA-mediated strand exchange.  This technology is a potentially valuable complement to 
cytogenetic and other hybridization-based methods for the clinical diagnosis and staging of cancer and other 
diseases involving DNA rearrangements.  A key element of this program is the advancement of an effective 
imaging method for interrogating a microarray surface subjected to a strong magnetic field.  No commercial 
instrumentation is available for this application; thus, we have designed and constructed a high-performance 
surface-plasmon-resonance-imaging (SPRI) system that addresses this need.  In fact, the instrumentation has 
capabilities that go beyond SPRI and can be operated in an evanescent-illumination, epi-fluorescence mode. 

In addition, we have carried out a more complete characterization of Au-coated ferromagnetic 
nanoparticles, which are an integral component of the magnetic- nanomanipulation approach.  This work has 
resulted in improved protocols for nanoparticle handling and quantitation, which are essential to controlling 
interfacial chemistry for DNA coupling and also minimizing undesirable interactions between the nanoparticle 
and biological macromolecule. 
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Single-walled carbon nanotubes (CNTs) emit heat when they ab-
sorb energy from near-infrared (NIR) light. Tissue is relatively
transparent to NIR, which suggests that targeting CNTs to tumor
cells, followed by noninvasive exposure to NIR light, will ablate
tumors within the range of NIR. In this study, we demonstrate the
specific binding of antibody-coupled CNTs to tumor cells in vitro,
followed by their highly specific ablation with NIR light. Biotin-
ylated polar lipids were used to prepare stable, biocompatible,
noncytotoxic CNT dispersions that were then attached to one of
two different neutralite avidin-derivatized mAbs directed against
either human CD22 or CD25. CD22�CD25� Daudi cells bound only
CNTs coupled to the anti-CD22 mAb; CD22�CD25� activated pe-
ripheral blood mononuclear cells bound only to the CNTs coupled
to the anti-CD25 mAb. Most importantly, only the specifically
targeted cells were killed after exposure to NIR light.

immunoconjugates � lymphoma cells � monoclonal antibodies �
nanotechnology � near infrared light

Despite the success of current treatments for several types of
cancer, all known treatments have major limitations. Con-

ventional chemotherapy or radiotherapy damage many cells, and
both have significant side effects. In addition, tumor cells
develop resistance to many chemotherapeutic agents (1), and
most chemotherapeutic drugs kill dividing cancer cells and not
dormant ones. To decrease nonspecific toxic effects and kill
nondividing cells, targeted therapies are being developed and
some have already been approved by the Food and Drug
Administration for use in humans. These include both small
molecules that target specific intracellular pathways in tumor
cells and mAbs that target molecules on their surface. Some of
these targeted agents are cytostatic and not cytotoxic, and they
are often given in combination with chemotherapy in an effort
to both lower the dose of chemotherapy required and hence
reduce side effects and achieve additive or synergistic effects.
With regard to mAbs, strategies include increasing cytotoxicity
by coupling them to drugs, radionuclides, toxins, drugs, or
prodrugs (2, 3). These agents (collectively called immunocon-
jugates) are potent, and three have been approved for human use
(4, 5). However, they also have side effects because they carry
toxic payloads. We and others have successfully tested the
antitumor activity of different agents, including signaling anti-
bodies and immunotoxins, alone or in combination with phar-
macological agents, in disseminated or solid human tumors
grown in immunocompromised mice (5–9). We have also tested
four different immunotoxins in humans (10–15). To optimize the
use of mAbs in cancer therapy, it is important to explore their
use with new types of payloads and carriers, including carbon
nanotubes (CNTs). The ability of CNTs to convert near-infrared
(NIR) light into heat provides an opportunity to create a new
generation of immunoconjugates for cancer photo-therapy with
high performance and efficacy. Moreover, hyperthermia has

been clinically used in the management of solid tumors because
it can synergistically enhance tumor cytotoxicity when combined
with chemotherapy or radiotherapy (16, 17). Hyperthermia also
preferentially increases the permeability of tumor vasculature
compared with normal vasculature, which can enhance the
delivery of drugs into tumors. Therefore, the thermal effects
generated by targeted CNTs may have important advantages.
Recent pharmacokinetic studies have reported that CNTs dis-
persed by different procedures lack nonspecific toxic effects in
mice (18–20).

The use of NIR-resonant nanostructures, including gold
nanoshells and CNTs, to thermally ablate cancer cells is being
explored by several groups (21–26). The use of NIR light in the
700- to 1,100-nm range for the induction of hyperthermia is
particularly attractive because living tissues do not strongly
absorb in this range (27). Hence, an external NIR light source
should effectively and safely penetrate normal tissue and ablate
any cells to which the CNTs are attached. The critical aspect for
selective CNT-mediated thermal ablation of cells is to stably
attach targeting moieties that will not interfere with the optical
properties of the CNTs and yet retain targeting specificity. The
targeting of CNTs to tumor cells can be accomplished by coating
them with cell-binding ligands such as peptides or mAbs (25, 26,
28–30). Several studies have reported that the targeting of such
CNTs is ‘‘specific’’ (25, 26, 29, 30), but no study has used both
a control ligand and a control cell to convincingly demonstrate
ligand-specific thermal ablation of tumors cells with CNTs.
Specificity is critical because nonspecific binding to antigen-
negative cells in vivo could cause major side effects, which has
been a confounding issue in the cancer targeting field for �25
years.

The aim of this study was to design and prepare an anti-CD22-
targeted CNT construct to ablate human Burkitt’s lymphoma
cells in vitro. Herein, we describe the physical properties of these
CNT constructs, their selective binding to tumor cells, and the
NIR-induced thermal ablation of the targeted tumor cells.
Importantly, both a control CNT construct and a control cell
were used to definitely prove specificity.

Results
Dispersion of CNTs. Well dispersed single-walled CNTs were
prepared by sonicating CNTs in the presence of 1,2-distearoyl-
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sn-glycero-3-phosphoethanolamine-N-[biotinyl(polyethylene
glycol) 2000] [DSPE-PEG(2000)-biotin], followed by centrifu-
gation to recover the biotinylated CNTs (B-CNTs). The resulting
B-CNT suspension contained 0.06 mg CNT/ml and �3 parts per
million metals, as determined by thermal gravimetric analysis
(TGA) and inductively coupled plasma mass spectrometry (MS)
(data not shown). The dispersions were stable and did not
aggregate at room temperature for �120 days. Atomic force
microscopy (AFM) analysis demonstrated that the suspension
was free of nontubular carbon structures and the CNTs were
either individually dispersed or in small bundles. The lengths of
the CNTs ranged from 0.2 to 1.4 �m with an average of 0.59 �m
(Fig. 1a). Analysis by transmission electron microscopy (TEM)
of the B-CNT samples probed with gold-labeled goat antibiotin
demonstrated that biotin was distributed along the entire surface
of the B-CNT (Fig. 1b). The biotin content of the B-CNT
dispersion was determined by using a competitive ELISA and
adding dilutions of the B-CNT dispersion to biotin-HRP and
plating them onto neutralite avidin (NA)-coated plates. The
amount of HRP-labeled biotin was detected by the development
of color in the presence of the 2,2�-azino-bis(3-ethylbenzothia-
zoline-6-sulfonic acid) (ABTS) substrate. Using this assay, we
found that the content of biotin was 0.02 mmol/g of B-CNT. The
UV-visible (Vis)-NIR spectra of the B-CNTs confirmed the
quality of these dispersions with the presence of electronic
transitions between van Hove singularities, suggesting that the
optical properties of the CNTs were maintained after the
adsorption of DSPE-PEG-biotin (Fig. 1c). The Raman spectra of
the B-CNTs showed a number of well characterized CNT
resonances such as the radial breathing mode region between
100 and 300 cm�1 (data not shown) and the tangential (G-band)
peak at 1,590 cm�1, confirming the presence of CNTs in the
sample (Fig. 1d).

To determine whether B-CNTs were inherently cytotoxic (in
the absence of NIR), cells from the IgM� CD22�CD25� Bur-
kitt’s lymphoma cell line Daudi were incubated for 24 h with up
to the highest amount of B-CNTs used in the binding and killing

assays (3.6 �g). No toxicity was observed using a [3H]thymidine
incorporation assay (data not shown).

Preparation of mAb-NA Targeting Moieties. To prepare the target-
ing agents, we coupled NA to mAbs. To this end, mouse IgG
anti-human CD22 (RFB4) or mouse IgG anti-human CD25
(RFT5) were thiolated with 2-iminothiolane (Traut’s reagent).
NA was activated with m-maleimidobenzoyl-N-hydroxysuccin-
imide ester (MBS). Then, the purified thiolated IgG was mixed
with MBS-activated NA at a 2:1 ratio as shown by preliminary
experiments to give the best yields as determined by the elution
profile of the resulting conjugate on a Sephacryl S-300 HR
column (Fig. 2a). The concentration of the mAb-NA conjugates
was determined by using the bicinchoninic acid assay (BCA).
Both mAb-NA conjugates were free of impurities as judged by
Western blot analysis (Fig. 2a). We next determined whether
these conjugates were cytotoxic to Daudi cells after incubation
of cells for 24 h with up to 10 �g/ml of RFB4-NA; cytotoxicity
was determined by [3H]thymidine incorporation. Similar con-
centrations of unconjugated RFB4 and NA were used as nega-
tive controls, and goat anti-IgM (which induces apoptosis of
Daudi cells) (31) was used as the positive control. We found that
the RFB4-NA conjugates were not cytotoxic, whereas (as pre-
dicted) the goat anti-IgM reduced [3H]thymidine incorporation
by �50% (Fig. 2b).

The specific binding of RFB4-NA and RFT5-NA conjugates
to CD22�CD25� Daudi cells and CD22�CD25� phytohaemag-
glutinin (PHA)-activated peripheral blood mononuclear cells
(PBMCs), respectively, was demonstrated by flow cytometry,
using either FITC-labeled goat anti-mouse Ig (GAMIg) or
FITC-biotin (data not shown for FITC-biotin). The latter was
confirmed by the ability of the cell-bound mAb-NA to bind to
B-CNT. Daudi cells were precoated with a saturating concen-
tration of RFB4-NA, washed, and incubated with increasing
amounts of B-CNTs. The RFB4-NA, but not the RFT5-NA
conjugate could target an average of 0.237 pg of B-CNTs per cell
(Fig. 2c).
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Fig. 1. Water-soluble CNTs functionalized with biotinylated polar lipids. (a) AFM image of B-CNTs shows CNTs coated by the biotinylated polar lipid,
DSPE-PEG-biotin. (b) TEM images of individual B-CNTs show uniform coverage of biotin after immunodetection with gold-labeled anti-biotin. (Inset) Higher
magnification of a B-CNT coated with gold-labeled antibiotin. (c) UV-Vis-NIR spectrum of B-CNTs show a number of metallic and semiconducting CNT absorbances
consistent with the presence of individual tubes. (d) Raman spectra of B-CNTs show an intense G band (�1,590 cm�1) indicating the presence of CNTs. In all cases,
one representative experiment of at least three independent experiments is shown.
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Preparation and Testing of mAb-CNT Complexes. We next prepared
the mAb-CNT conjugates by coupling the B-CNTs to either
RFB4-NA or RFT5-NA for 35 min at room temperature. After
the removal of the supernatant containing the unreacted mAb-
NA, the optical properties of the freshly prepared mAb-CNT
were tested. The UV-Vis-NIR spectra of the mAb-CNT conju-
gates displayed the same metallic and semiconducting CNT types
as observed for the B-CNTs, indicating that the optical proper-

ties of the CNTs were not affected by the coupling (Fig. 3a), and
the characteristic CNT resonances displayed in the Raman
spectra of the mAb-CNTs again confirmed the presence of CNTs
in the sample (Fig. 3b).

The ability of the mAb-CNT conjugates to bind to antigen-
positive but not antigen-negative target cells was assessed by flow
cytometry. The components of the cell-bound mAb-CNT were
detected by using FITC-GAMIg (which binds to mouse mAb)
and phycoerythrin-streptavidin (PE-SA) (which binds to biotin),
respectively. We found that RFB4-CNT and RFB4 (positive
control) bound equally well to Daudi cells, whereas RFT5-CNT
(negative control) bound poorly (P � 0.001) (Fig. 4a). Con-
versely, RFT5-CNT and RFT5 bound equally well to
CD22�CD25� PHA-activated PBMCs (95% CD25� cells),
whereas the negative control conjugate, RFB4-CNT, did not
(P � 0.002) (Fig. 4b). These results demonstrate that the
coupling of the mAbs to CNTs does not alter their mAb-binding
activity and that the mAb-CNTs bind to antigen-expressing cells
as specifically as the uncoupled mAbs.

Having demonstrated that the mAb-CNT conjugates retained
the binding activity of the mAb and the optical properties of the
CNTs, we next determined whether cells targeted by the mAb-
CNTs could be thermally ablated after exposure to NIR light. Cells
were incubated with the mAb-CNTs in PBS, washed three times
with PBS, and then dispensed into 96-well plates in cell culture
media. The cells in the plate were exposed to an 808-nm laser (5
W/cm2) for 7 min and pulsed for the next 12 h with 1 �Ci
[3H]thymidine to assess cell viability. As shown in Fig. 5a, as
compared with treatment with the nonbinding RFT5-CNTs, the
viability of the RFB4-CNT-treated Daudi cells was significantly
reduced after exposure to NIR light (P � 0.0001). Conversely, when
activated PBMCs were used as target cells, RFT5-CNT, but not
RFB4-CNT, killed the cells after exposure to NIR light (P �
0.0001) (Fig. 5b). These experiments demonstrate that the binding
of the mAb-CNTs to their respective antigen-positive target cells
leads to their specific ablation after exposure to NIR light.
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Fig. 2. Analysis of mAb-NA conjugates. (a) A typical chromatographic
separation of RFB4-NA from unconjugated RFB4 and NA using a Sephacryl
S-300 HR column. Fractions of the first peak containing the RFB4-NA conjugate
were pooled and concentrated. (Inset) Purified RFB4-NA, RFT5-NA, or mAb
were electrophoresed under nondenaturing conditions on a 7.5% polyacryl-
amide gel and immunoblotted with HRP-labeled sheep anti-mouse IgG. Data
in a are representative of at least three independent experiments. (b) A total
of 5 � 104 Daudi cells were incubated for 24 h with increasing amounts of the
RFB4-NA conjugate, and cytotoxicity was detected by [3H]thymidine incorpo-
ration. Similar concentrations of unconjugated RFB4 or NA were used as
negative controls, whereas 10 �g/ml goat anti-IgM was used as positive
control. Data represent mean � SD of three independent experiments. (c) One
million Daudi cells precoated with a saturating concentration of RFB4-NA
were incubated with increasing amounts of B-CNT. Saturating concentration
of RFB4-NA can target 0.237 pg of B-CNT per Daudi cell. No detectable B-CNT
binding was found on uncoated cells or cells precoated with RFT5-NA (con-
trol). Data represent mean � SD of three independent experiments.
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Fig. 3. Optical properties of CNTs following coupling with mAbs (mAb-CNT).
(a) UV-Vis-NIR spectrum of RFB4-CNTs show the same metallic and semicon-
ducting CNT types as observed for the B-CNTs, indicating the retention of the
optical properties of CNTs after the coupling with RFB4-NA. The sharp feature
at 861 nm is caused by a grating and detector change associated with the
spectrometer. (b) Raman spectrum of RFB4-CNTs show an intense G band
(�1,590 cm�1) as the B-CNTs, indicating the presence of CNTs in the conjugate.
The spectra are representative of three independent experiments.
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Because we anticipate using these mAb-CNTs in vivo, it was
important to demonstrate that they retained activity in serum at
37°C. Therefore, the mAb-CNTs were incubated in mouse serum
at 37°C for 0, 24, 48, and 72 h. At each time point, the mAb-CNTs
were washed with PBS, incubated with Daudi cells, and irradi-
ated with NIR light in a procedure similar to the thermal
ablation described above. No loss in their ability to thermally
ablate Daudi cells was observed, even after 72 h in mouse serum
at 37°C (Fig. 5c).

Discussion
The first critical challenge in the field of targeted CNTs is to create
soluble and stable CNTs that retain both the specificity of the
targeting moiety and the thermal activity of the CNTs even in serum
at physiological temperatures. In this article, we demonstrate that
this can be accomplished. Our strategy involved the generation of
targeting moieties consisting of mAb-NAs attached to dispersed
biotinylated CNTs. The use of B-CNTs and mAb-NAs gives us the
flexibility to ‘‘assemble’’ the targeted CNTs by using any cell-
binding mAb. Second, the one-step strategy of generating dispersed
CNTs by using biotinylated polar lipids has the advantage of
preventing subsequent chemical treatments that remove the polar
lipids and/or destroy their optical properties. Of equal importance
is the specificity of the targeting strategy. Thus, previous studies
have demonstrated that folic acid-coated CNTs could be targeted
to folate receptor (FR)-positive cells and that NIR light killed the
cells (25). Although FR-negative cells were used as a control, CNTs
coated with an irrelevant ligand were not. In other studies, rArg-
Gly-Asp (RGD)-CNTs were used to deliver adsorbed doxorubicin
(29). These CNTs were also evaluated for in vivo biodistribution
(19), but control peptide-CNTs were not used to demonstrate
specificity. Another approach for targeting CNTs to cells is to
noncovalently attach mAbs that can be used in photothermal
therapy (26) or imaging (30). However, attachment of mAbs by
direct adsorption on CNTs involves a potential loss of the targeting
function of the mAbs and, indeed in the study cited, specificity
controls were not reported, and cell viability studies showed 50%
collateral damage by the irrelevant mAb-CNT control after expo-
sure to NIR light (26). In another very elegant study, mAbs were
covalently attached to CNTs to deliver radionuclides to cells (28).
These studies achieved their goal of killing target cells by radio-
therapy and showed both linkage stability and specific targeting.
However, because the objective of these studies was not to ablate
cells with NIR light, we do not know whether the optical properties
of the CNTs were preserved.

Having demonstrated excellent specificity of both targeting
and thermal ablation in vitro, the next step is to evaluate the
pharmacokinetics, biodistribution, toxicity, and activity of these
mAb-CNT constructs in vivo.

Materials and Methods
Materials. Purified CNTs (HiPco) were purchased from Carbon Nanotechnolo-
gies. The polar lipid DSPE-PEG(2000) biotin was purchased from Avanti Polar
Lipids. Mouse IgG1 anti-human CD22 (RFB4) and mouse IgG anti-human CD25
(RFT5) were prepared and purified in our laboratory at UT Southwestern
Medical Center. Traut’s reagent and MBS were purchased from Pierce/
Endogen. NA was purchased from Accurate Chemical and Scientific.

Cell Culture. Daudi cells (American Type Culture Collection) were cultured in
RPMI 1640 medium (Sigma) containing 1% antibiotic-antimycotic mixture
(penicillin/streptomycin/Amphotericin B) (Sigma), 10% heat-inactivated FCS
(HyClone), and 2 mM L-glutamine (Sigma) (complete medium). PBMCs from
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Fig. 4. Binding of mAb-CNTs to target cells. One million cells were incubated with saturating concentrations of RFB4-CNTs or RFT5-CNTs and then incubated
either with FITC-GAMIg to detect the mAbs or with PE-SA to detect the B-CNTs and analyzed on a FACScan. (a) The specific binding of RFB4-CNTs to Daudi cells
using RFT5-CNTs as a negative control (P � 0.001). (b) The specific binding of RFT5-CNT to activated PBMCs (�95% T cells) using RFB4-CNT as a negative control
(P � 0.002). Data represent mean � SD of at least three independent experiments.
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Fig. 5. Ablation of mAb-CNT-coated cells with NIR. One million cells were
incubated with saturating concentrations of RFB4-CNTs or RFT5-CNTs. Cells
were dispensed into 96-well plates, exposed for 7 min to 808-nm NIR light (5
W/cm2), pulsed with 1 �Ci [3H]thymidine, and harvested 12 h later. The
incorporated radioactivity was measured by liquid scintillation counting from
triplicate samples. The percentage of radioactivity incorporated by each sam-
ple was calculated relative to corresponding nonirradiated sample. (a) The
specific killing by RFB4-CNTs of Daudi cells using RFT5-CNTs as a negative
control (P � 0.0001). (b) The specific killing of RFT5-CNT on activated PBMCs
(�95% T cells) using RFB4-CNTs as a negative control (P � 0.0001). Data
represent mean � SD of at least three independent experiments. (c) The
stability of the mAb-CNTs in vitro was determined by incubating them in
mouse serum at 37°C for 0, 24, 48, and 72 h. At each time point, the mAb-CNTs
were washed with PBS, incubated with Daudi cells, and exposed to NIR light
as described above. The activity of the RFB4-CNTs at the different time points
remained unchanged. *, P � 0.0001; **, P � 0.05 for the values obtained at the
corresponding time points with RFT5-CNTs. Data represent mean � SD of
three independent experiments.
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normal healthy donors were isolated from the fresh heparinized blood by
Ficoll-Paque PLUS (GE Healthcare) density gradient centrifugation. Normal
activated CD25� cells were generated by culturing the PBMCs for 72 h at 1 �
106 cells/ml in complete medium supplemented with 5 �g/ml PHA (Sigma).

CNT Solubilization by Biotinylated Polar Lipids and Characterization. Degassed
ultrapure deionized (DI) water was used for all solutions. CNTs (0.3 mg) were
suspended in 1 ml of 166 �M DSPE-PEG(2000)-biotin. The mixture was soni-
cated with a 2-mm probe tip connected to a Branson Sonifier 250 (VWR) for 10
min at a power level of 10 W, with the sample immersed in an ice water bath.
To remove excess DSPE-PEG-biotin, samples were washed twice in DI water by
centrifugation for 15 min at 90,000 � g at 4°C. The supernatant was discarded,
the pellet was resuspended in 1 ml of DI water, and the procedure was
repeated. The samples were then centrifuged two times for 10 min at 16,000 �
g at room temperature, and the upper 50% of the supernatant containing the
B-CNT was recovered. To obtain more concentrated samples, the B-CNT sus-
pension was centrifuged for 60 min at 16,000 � g at 4°C, the supernatant was
discarded, and the pellet was resuspended in 0.2 ml of DI water.

Sample concentration was detected by TGA using a Pyris-1 thermal gravi-
metric analyzer (PerkinElmer) equipped with a high-temperature furnace and
sample thermocouple. AFM was performed in air under ambient conditions by
using a Digital Instruments Nanoscope III Multimode scanning probe micro-
scope (Veeco Metrology). Images were acquired in the TappingMode by using
cantilevers with 0.9 Nm�1 force constants as described (32). A dual-beam
Lambda 900 UV-Vis-NIR spectrophotometer (PerkinElmer) with a scan speed
of 25 nm/min and a 0.4-s integration time was used for absorption spectra.
Raman spectroscopy at 633-nm excitation was performed with a LabRAM
high-resolution confocal Raman microscope system (Jobin Yvon). Wave num-
ber calibration was performed by using the 520.5-cm�1 line of a silicon wafer;
the spectral resolution was �1 cm�1 as described (33). TEM was performed
with a JEOL JEM-1200EX II electron microscope. The B-CNT dispersion was
probed with 5-nm gold beads labeled with goat antibiotin (Kirkegaard & Perry
Laboratories), and then imaged.

Preparation of mAb-NA Conjugates. To couple the B-CNTs to mAbs, we used a
modified protocol (34). Briefly, 10 mg of RFB4 or RFT5 in 1 ml of 0.15 M borate
buffer, 0.1 mM EDTA, pH 8.5 were thiolated by incubation for 1 h at room
temperature with a 20:1 molar excess of Traut’s reagent. After incubation, the
reaction was quenched with 0.1 M glycine. In parallel, 10 mg of NA dissolved
in 1 ml of 0.01 M PBS, 0.1 mM EDTA, pH 7.4, was activated by 30-min incubation
at room temperature by using a 6:1 molar excess of MBS. The unreacted Traut’s
reagent and MBS were removed by gel filtration on Sephadex G-25 columns
in 0.01 M PBS, 0.1 mM EDTA, pH 7.4. The thiolated mAb was conjugated to the
activated NA at a molar ratio of 1:2 for 2 h at room temperature with gentle
shaking. The resultant conjugate was purified by gel filtration on a Sephacryl
S-300 HR column (GE Healthcare) by using 0.1 M PBS, 0.05% Tween-20, pH 7.4.
The protein concentration in the purified conjugate was quantified by using
the BCA assay (Pierce/Endogen). The size and integrity of the conjugate was
analyzed by Western blot. The samples were electrophoresed on a 7.5%
nondenaturing polyacrylamide gel and transferred to PVDF membranes (Bio-
Rad), probed with HRP-labeled sheep anti-mouse IgG, and visualized by using
an enhanced chemiluminescence system (GE Healthcare).

Competition ELISA. NA-coated 96-well plates were blocked with 1% BSA in 0.01
M PBS, 0.05% Tween-20 (PBST) for 1 h. B-CNTs were added to each well together
with biotin-labeled HRP and incubated for 1 h. After washing five times with
PBST, the substrate ABTS was added, and absorbance was measured at 405 nm.
The amount of biotin bound to the CNTs (biotin mmol/�g B-CNT) was calculated
by using a standard curve constructed by plotting OD against the biotin concen-
tration (ng/ml) prepared by coincubating increasing amounts of biotin in the

presence of a constant amount of HRP-biotin. A similar procedure was used to
detect the amount of NA in mAb-NA conjugates.

Preparation of mAb-CNT Conjugate. Fresh mAb-CNTs were prepared immedi-
ately before use by mixing B-CNT with mAb-NA in a 1:2 (wt/wt) ratio. The
mixture was placed on a rocker for 35 min at room temperature and vortexed
gently every 5 min. After coupling, the mixture was centrifuged for 5 min at
16,000 � g at 4°C, the supernatant containing unreacted mAb-NA was dis-
carded, and the pellet was resuspended in 40 �l of PBS for every 3.6 �g of
B-CNT and used immediately.

Binding of mAb-CNTs to Target Cells. One million Daudi cells or PHA-activated
PBMCs (�95% CD25� cells) were incubated with the mAb-CNTs for 20 min at
4°C in PBS. Cells were washed two times with ice-cold PBS and then incubated
with either PE-SA (Jackson ImmunoResearch) or FITC-GAMIg (Kirkegaard &
Perry Laboratories) for 20 min at 4°C. The cells were washed two times with
ice-cold PBS and resuspended in 0.5 ml of PBS, and the bound fluorescence was
analyzed on a FACScan (Becton Dickinson).

Determination of the Amount of B-CNTs Bound per Cell. One million Daudi cells
were incubated with saturating amounts of RFB4-NA or RFT5-NA for 15 min at
4°C in PBS. Cells were washed two times with ice-cold PBS, incubated with
incremental amounts of B-CNT for 20 min at 4°C in PBS, and then washed two
times with ice-cold PBS. The amount of B-CNT bound to cells was determined
by measuring the absorbance at 808 nm of the B-CNT suspension before and
after incubation with Daudi cells. The amount of B-CNT bound per cell was
determined by using the extinction coefficient [�0.1% 	 25 (mg/ml)�1] calcu-
lated from the linear fit (Beer-Lambert law) of absorbance at 808 nm versus
the B-CNT concentration.

Ablation of mAb-CNT-Coated Cells with NIR Light. One million cells were
incubated with 40 �l of the mAb-CNTs in PBS for 20 min at 4°C. Cells were
washed three times with ice-cold PBS, and then 105 cells were dispensed in
triplicate wells in a 96-well plate in 200 �l of complete medium. The cells were
exposed to continuous NIR light by using a FAP-Sys-30W 805- to 811-nm laser
system (Coherent) for 7 min at 5 W/cm2. Cell death was assessed by pulsing the
cells for the next 12 h with 1 �Ci [3H]thymidine per well, and the incorporated
radioactivity was measured by liquid scintillation counting. The incorporated
radioactivity for each sample was calculated relative to the corresponding
nonirradiated samples. For functional stability, mAb-CNTs, prepared as de-
scribed above, were suspended in 0.1 ml of mouse serum (Sigma) and incu-
bated at 37°C for 0–72 h. At each time point, the suspension was washed with
ice-cold PBS, and the pellet was resuspended in 40 �l of PBS. The ablation of
mAb-CNT-coated Daudi cells with NIR light was tested as described above.

Statistics. Data were analyzed by using Student’s t test. Values are given as
mean � SD. P � 0.05 was considered statistically significant.
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Current methods to detect CNTs inside cells possess one or more of the following disadvantages:  they 

are unable to detect both metallic and semi-conducting CNT structures, they are unable to analyze CNTs 

in living cells, they are not suited to analyze a large population of cells in a timely fashion, and/or they 

require the attachment of a reporter label to the CNT.  The invention represents the first rapid, affordable 

method that can serve this purpose.          

 

What advantages over current technologies does it possess?  To our knowledge, this affordable 

invention represents the only label-free methodology that can rapidly detect CNT structures from 

microscopic samples such as living cells and macroscopic samples such as industrial process streams,   
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Preferred Embodiment 

 

In the following demonstrative example, we detail the extraction and quantitative detection of the levels of 

single-walled carbon nanotubes (SWNTs) taken-up by a population of biological cells.   

 

I.  Preparation and characterization of the dispersed SWNT sample. 
For cell uptake studies, various concentrations of bovine serum albumin (BSA)-coated SWNTs were 

prepared by sonicating (10 min at 0 °C with a tip sonicator, 10W) 1 mg of SWNTs (CoMoCAT, from 

Southwest Nanotechnologies, Inc.) in 1 mL of various concentrations of aqueous BSA.  Each dispersion 

was centrifuged once at 16,000x g for 2 min, the supernatant removed, and centrifuged again for 2 min at 

the same speed.  The final supernatants (i.e., BSA-SWNTs) were very dark, indicating dispersion of the 

black SWNTs (Figure 1).  The absorption spectra of the BSA-SWNT dispersions shown in Figure 2 

indicate that SWNTs dispersed in BSA retain their optical transitions between van Hove singularities in 

the electronic density of states, and that the concentration of the debundled SWNTs increases with 

increasing BSA concentrations (correlation coefficient = 0.9925). Elemental analysis of BSA-SWNTs 

found background levels of molybdenum and cobalt, catalysts used in making this type of SWNT, 

indicating that >99% of these contaminants were removed by our dispersion preparation protocol.   

 
 

 
Figure 1.  Photograph of vials containing 

CoMoCAT SWNT dispersions prepared in 

aqueous BSA solutions.  The concentration 

of BSA varied from (1) 0 mg/mL, (2) 12.5 

mg/mL, (3) 25 mg/mL, (4) 50 mg/mL, (5) 100 

mg/mL, (6) 150 mg/mL, to (7) 200 mg/mL.  

 
 
 

 
 

Figure 2.  Background-corrected absorption 

spectrum of the CoMoCAT BSA-SWNT 

dispersions shown in Figure 1.  The main 

metallic and semi-conducting SWNT structures 

are denoted by their (n,m) chiral indices. 
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BSA-SWNTs were further characterized using Raman spectroscopy, which revealed a strong “G” line in 

the 1550-1610 cm-1 region, and other lines typical for SWNTs (Figure 3).  SWNTs in the dispersions 

increased with increasing BSA concentrations, indicated by the increasing “G” line intensities (correlation 

coefficient = 0.9232).  Control samples of BSA without SWNTs did not display detectable resonances 

under these operating conditions (data not shown).   

 
 
 

Figure 3.  Raman spectra (633 nm laser 

excitation) acquired from CoMoCAT BSA-

SWNT dispersions prepared in BSA solutions 

of various concentrations; all spectra were 

normalized to the same intensity scale. 

 

 
 

 
 
II.  Detection of SWNTs in BSA-SWNT samples by SDS-PAGE gel electrophoresis. 
The BSA-SWNT dispersions characterized above were analyzed by SDS-PAGE gel electrophoresis to 

demonstrate the linearity and specificity of the invention.  As shown in Figure 4, individual BSA-SWNT 

dispersions were run in separate lanes of a conventional SDS polyacrylamide gel.  In brief, both proteins 

and SWNTs bind SDS and migrate towards the cathode because they have a negative charge from the 

sulfate on the SDS.  Unlike most proteins, however, the SWNTs are too large to enter the gel and 

accumulate in a band at the bottom of the sample loading wells.  The accumulation of the black SWNTs 

at this interface also considerably concentrates the SWNTs, which increases the sensitivity of detection.   

 

1   2   3   4   5    6   7  8 1   2   3   4   5    6   7  8 
    A      B 
 

Figure 4.  SDS-PAGE gel 
electrophoresis of BSA-SWNTs 
and controls at 100 mV for 2h.  
(A) and (B) demonstrate 
separation of SWNTs from 
protein components after 
electrophoresis using digital 
scans of a 4% stacking 10% 
resolving 1.5 mm thickness 
mini gel before (A) and after 
(B) proteins stained with 0.5 % 

Commassie Blue.  Lane (1) is blank; lane (2) is pre-stained protein molecular weight markers; 
lanes (3) to (8) are 1 uL of SWNT dispersions prepared in various BSA concentrations: (3) 12.5 
mg/mL, (4) 25 mg/mL, (5) 50 mg/mL, (6) 100 mg/mL, (7) 150 mg/mL, (8) 200 mg/mL. 
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The black SWNTs are quantified at the interface after scanning the gel with a digital imager, followed by 

measuring the pixel intensities of the bands with ImageQuant software.  Figure 5A shows the pixel 

intensities of the 6 dark bands shown in the top row of the gel in Figure 4A.  The band intensities 

demonstrate that the signal is directly proportional to the material applied to the gel (correlation coefficient 

= 0.9625) and that the signal is linear with concentration over a 20-fold range.  When the dark bands are 

scanned using the Raman microprobe, prominent G lines are observed, demonstrating that the material 

in the bands are SWNTs (Figure 5B).  Additionally, the linearity of G-line intensities from the various BSA-

SWNT dispersions (correlation coefficient = 0.9766) agree favorably with those determined by the gel 

electrophoresis/scanner detection method (Figure 5B-inset). 

 

  A             B 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5.  Comparison of (A) pixel intensities of the digital image and (B) Raman spectra of SWNT 

bands after electrophoresis in a SDS-PAGE gel as a function of BSA concentration used to prepare 

the BSA-SWNT dispersions. Raman spectra (633 nm laser excitation) acquired from CoMoCAT 

BSA-SWNT dispersions prepared in BSA solutions of various concentrations; all spectra were 

normalized to the same intensity scale. 
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Further evidence demonstrating that the dark material observed in the dried gel comprises SWNTs is 

provided by a series of experiments whereby multiple regions above and below the interface of the gel 

were analysed by microprobe Raman spectroscopy with ~5 μm lateral resolution.  In these experiments, 

the 633-nm laser beam was first focused on the center of the SWNT band near the bottom of the well.  As 

shown in Figure 6, spectra were acquired from this region and at various spots along the length of the 

lane, above and below the SWNT band.  The resulting vertical profile of G-line intensities clearly indicates 

that SWNT material is detected only in the band at the interface of the sample and the gel (i.e., loading 

well). 
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Figure 6.  Raman spectra G-line intensities as a function of distance from the bottom of the 

sample loading well within a lane of a SDS-PAGE gel.  Each G-line intensity was calculated by 

integrating the intensities in the 1510 – 1630 cm-1 region. 
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III.  Raman measurements of the uptake of SWNTs by living cells.   
The following section briefly reviews our published work on measuring the uptake of peptide- and protein-

coated SWNTs by cells,[Chin et al., 2007][Yehia et al., 2007] with the emphasis being on the 

experimental designs and controls required to properly classify whether SWNTs are taken-up by cells.   

 

HeLa cells were incubated at 37 °C for 22 h in medium containing peptide-coated SWNTs.  The cells 

were then washed extensively and analyzed by microprobe Raman spectroscopy to determine whether 

the SWNTs were inside cells by detection of their distinctive G-line signature at 1590 cm-1.  Figure 7 

shows typical results with one cell out of numerous cells that were analyzed.  When the area probed was 

outside the cell, the Raman G line signal was negligible, but when either the cell cytoplasm or nuclear 

areas were probed, the signal was present at 1590 cm-1 (Figure 7).  Cells that were not exposed to 

SWNTs had no G line (data not shown).   
              

Chin S-F, Baughman RH, B DA, Dieckmann GR, Draper RK, Mikoryak C, Musselman IH, Zorbas-Poenitzsch V, Pantano P. 
Amphiphilic helical peptide enhances uptake of single-walled carbon nanotubes by living cells. Exp Biol Med 232:1236-1244, 2007. 
 
Yehia HN, Draper RK, Mikoryak C, Walker EK, Bajaj P, Musselman IH, Daigrepont MC, Dieckmann GR, Pantano P. Single-walled 
carbon nanotube interactions with HeLa cells. J Nanobiotechnology 5: 8-58, 2007. 
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Figure 7.  Raman spectra from a single HeLa cell following 

exposure to dispersed SWNTs.  The inset is a micrograph of 

the cell studied showing the locations that were analyzed.  
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Figure 8.  Raman spectra of HeLa cells exposed to dispersed 

SWNTs at either 37 or 4 °C.   

The signal emanating from SWNT-treated cells could be from nanotubes inside the cells, or stuck to the 

exterior cell surface.  If the signal was from inside the cells, most likely the result of active uptake, such as 

endocytosis, then the signal should be absent in cells exposed to the SWNTs at 4 °C where energy-

dependent uptake ceases.  Figure 8 compares the Raman spectra from a cell exposed to SWNTs at 37 

°C and 4 °C for 22 h, washed extensively, and prepared for Raman microprobe analysis.  There was 

essentially no SWNT signal from this cell, or others analyzed at 4 °C, evidence that the Raman signal 

from cells exposed to SWNTs is from nanotubes that required metabolic activity to accumulate in cells.  

This result also shows that any SWNTs adhering to the outside of cells at 4 °C were washed away, 

arguing that the Raman signal from cells at 37 °C is due to nanotubes inside the cells, not adhering to the 

outside.  
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IV.  Electrophoresis/scanner measurements of the uptake of SWNTs by living cells.   
The experimental designs and controls for the single cell Raman measurements described in the 
preceding section were used to measure the bulk uptake of SWNTs by cell populations using our novel 
electrophoresis/scanner methodology.  In the following examples, bulk SWNT uptake levels were 
measured as a function of cell incubation time and temperature, and BSA-SWNT concentration.  In all 
cases, after NRK cells in culture were incubated in BSA-SWNTs and thoroughly washed, cell-associated 
SWNTs (either on the cell surface or within the cells) were extracted by treatment with 200 µl of extraction 
solution.  The extraction solution contained 1% SDS, 1mM MgCl2, 1mM CaCl2, and 20 ug of 1mg/mL 
DNase I per mL.  The DNase digests DNA released from cells by SDS even in the presence of the SDS 
and reduces the viscosity.  The 1 mM MgCl2 and CaCl2 are metal ions required by the DNase.  Total 
cellular protein content in the cell lysate was determined by BCA protein assay.  Cell lysate samples of 
equal protein content were then electrophoresed by standard 4% stacking 10% resolving SDS-PAGE for 
2 hours at 100 volts.  The pixel intensities of the SWNT bands were measured by imaging using a flatbed 
scanner and quantified using ImageQuant software as described above. 
 
In the first example, NRK cells in culture were incubated in BSA-SWNTs (constant concentration) 
continuously for 1, 2, or 3 days.  As expected, Figure 9 shows that the amount of SWNTs taken up by 
NRK cells increases as a function of incubation time (correlation coefficient = 0.9922), and that no 
appreciable signal was generated for control cells not exposed to BSA-SWNTs. Finally, as shown in 
Figure 9c, microprobe Raman spectroscopy verified the presence of SWNTs in the band by the presence 
of a strong G-line signature. 
 
   A        B     
          
          
  
 
 
   C 
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Figure 9.  (A) A digital image showing the 
SWNT band region of the SDS-PAGE gel 
after electrophoresis.  Lane (1) is 3 days 
incubation in media contains no SWNT 
dispersion; lanes (2) to (4) are cells incubated 
in media containing BSA-SWNT for 1, 2, or 3 
days, respectively.  (B) Relative pixel intensity 

of SWNT band as indicative of SWNT content in cell lysate as a function of incubation time.  The 
average and standard deviation values were determined from three independent experiments.  (C) 
Raman spectra acquired on the dried gel using a 50x objective with laser excitation at 633 nm focused 
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on SWNT band areas. The representative spectra were obtained by merging three spectra acquired 
from the dark band area in each lane.  
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In the second example, NRK cells in culture were incubated continuously for 3 days in BSA-SWNT 

nerated for control cells not 

 A        B       

 
 
 
 
 
 
 
Figure 10.  (A) A digital image scanning shows the SWNT bands 

electrophoresis.  Lane (

dispersion; lane ( 4) is 75% SWNT dispersion; lane (5) is media 

with undiluted SWNT dispersion.  (B) Relative pixel intensity of SWNT band as indicative of SWNT 

content in cell lysates after 3 days uptake.  The average and standard deviation values were 

determined from three independent experiments.   

 

 

In the third example, NRK cells in culture were incubated continuously for 1 day in BSA-SWNTs (constant 

concentration) at two temperatures.  As expected, Figure 11 shows that there was essentially no SWNT 

signal from cells analyzed at 4 °C vs. cells analyzed at 37 °C.  This result suggests that any SWNTs 

adhering to the surface of cells were washed away, and that the SWNT signal detected is from SWNTs 

that accumulate inside cells, owing to the cellular metabolic activity that occurs at 37 °C but not at 4 °C.   

dispersions of differing concentrations.  As expected, Figure 10 shows that the amount of SWNTs 

take of SWNT concentration inn up by NRK cells increases as a function  the BSA-SWNT dispersions 

(correlation coefficient = 0.9811), and that no appreciable signal was ge

exposed to BSA-SWNTs.  
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are cells incubated in media contains (2) BSA at 37 C, (3) BSA-SWNT at 4 C, and (4) BSA-
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 (A) A representative digital image scanning shows the SWNT bands region of 

SDS-PAGE gel after electrophoresis. Lane (1) is untreated control cells at 37oC; lanes 
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SWNT at 37oC for 24 hours.  (B) Relative pixel intensity of SW
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