
SWNT Interactions with Biological Systems:SWNT Interactions with Biological Systems:
Focus on LengthFocus on Length

Matthew L. Becker

Barry J Bauer
Jaehun Chun

Jeffrey Fagan
Nathan D Gallant

Erik K Hobbie
Silvia H Lacerda
Vardhan Bajpai
Kalman Migler



Materials Today
July/Aug 2003: 64

Why Now...Potential for Catastrophic Effects: 
Psychological and Economic

XFlawed Science Big PRESS

For Science, Nanotech Poses Big Unknowns
By Rick Weiss
Washington Post Staff Writer
Sunday, February 1, 2004; Page A01 

This approach will not reassure the public at large



Why are we interested in bio…

Potential for great economic benefit

MS Strano et al. Nano Letters, 2007, 7(4), 861 -867. 

Carbon nanotubes as multifunctional biological transporters and 
near-infrared agents for selective cancer cell destruction 

Dai et al, PNAS, 2005, 102(33), 11600-11605.
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SWNTs Present Many Characterization Challenges

Carbon nanotubes are 
basically sheets of graphite 
rolled up into tubes with 
diameter range (0.4 – 4) nm. 
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What makes SWNTs so difficult to work with ?

1. Innate material heterogeneity 
2. Poor solubility – in anything
3. Large “inter-particle” interactions
4. Few chemical handles – without creating new ones

1. Extensive separation efforts 
2. Wrapping “polymer” required for solubility
3. Derivatize with functional species if needed
4. Characterize structural, spectral & solution properties

What is required for Biological use..



Structural & Physical Properties of Nanomaterials in General

Tube length Tube width 

surfactant thickness

Molecular mass
& distribution

Chirality

Defects

Surface chemistry

Extent of bio-functionality

Properties Impacted by Biologically Relevant Measurable Parameters
Solubility
Dispersion
pH susceptibility
Bioactivity
Diffusion coefficient
Anisotropic transport
Membrane permeability
Degradation mechanisms and byproducts



The Problem: Conflicting Reports in the Literature

Many reports have real flaws

Highly heterogeneous

Undefined dispersion

Poor surface characterization

Undefined surface charge

No length characterization

Sweeping conclusions

Heavily reliance on “kits”



A high level of precision is required for a meaningful bio-measurement

CM Sayes, JD Fortner, W Guo, D Lyon, AM Boyd, KD Ausman, YJ Tao, B Sitharaman, LJ Wilson, JB Hughes, JL West, & VL Colvin
“The Differential Cytotoxicity of Water-Soluble Fullerenes” Nano Letters, 4 (10), 1881 -1887, 2004

Variable surface chemistry induces
6 orders of magnitude6 orders of magnitude

difference in toxicity profile



Preparative Method Has Distinct Effects on Resulting Properties

(A) SWNT(A) SWNT--ODAODA
(B) SWNT/DNA (B) SWNT/DNA 
(C) SWNT(C) SWNT--butyl graft butyl graft 

Prep Methods

Dispersion

Metal Content

Uptake



BJ Bauer, EK Hobbie and ML Becker Macromolecules, 2006, 39(7), 2637 -2642.

Clusters are Persistent: SANS from Labeled SWCNTs



Assessing Dispersion

3.9 ± 0.50.15 ± 0.03SWNT - ODA

2.5 ± 0.2 0.37 ± 0.05 SWNT - butyl

1.5 ± 0.11.14 ± 0.20 SWNT - DNA

40Dense sphere

2 to 3< 0.5Branched

20.5Gaussian 
random walk

1.670.8Self-avoiding 
random walk

1 to 1.670.8 to 2Flexible rod

12Rigid rod

Scattering 
power law

I(q)∝ Mα

Viscosity 
power law

[η]∝Ma
Structure

Intrinsic viscosity measured on line by SEC 

BJ Bauer, et al.  J Phys Chem C, ASAP 

Dispersion improves significantly 
after chromatography



Increased sonication time 
reduces nanotube length

Common to all tube types

Synthetic method influences tube 
type and distribution

Centrifugation removes
30-60% of tube mass 

Non dispersed fraction

Dispersed tubes are only material 
useful in processing scale up

DNA-wrapped SWNT



What we know… No detectable catalyst

Well dispersed

Still have tubes

Cell Viability Experiment

Human Lung Fibroblasts
(IMR90)

Concentration profile

16 h incubation

Measure at 405 nm



Simplest bio-assays are very characterization demanding



Roche’s cell proliferation & cell viability reagent WST-1 

WST-1 tetrazolium salt is reduced to formazan by cellular 
dehydrogenases generating a deep red colored formazan that is 
measured at 405 nm and is directly correlated to cell number. 

WST-1
pink

Formazan
Dark red



~ 30 % of tubes remaining in solution at each concentration
–> length dependent uptake ?

28 % remaining
in solution 

32 % remaining
in solution 

37 % remaining
in solution 

30 % remaining
in solution 

IMR90 (ATCC CCL-186)
Primary human fibroblast 

derived from fetal lung tissue



No chirality dependence - length dependent uptake ?



A closer look at what remains…

Cells “swamped” at the 
highest concentrations 

and cease metabolic 
activity



SEC Separation by SWNT Lengths

Collecting intermittent fractions affords length separation of DNA-wrapped SWCNTs



Thorough Characterization via TEM, AFM, DLS



Characterization Data for Individual Length Fractions



Length Dependent Uptake from Following 16 h Incubation





Competitive uptake of labeled DNA wrapped SWNTs

Long tubes – Cy3 DNA

Short tubes – Cy5 DNA



Long tubes – Cy3 DNA Short tubes – Cy5 DNA



Permeability through capillaries once they enter the bloodstream - biodistribution

Intracellular transport by traditional and non-endocytotic pathways - toxicity

Retention in the liver, lungs and kidneys - clearance

These are the known mechanisms of cell membrane transport

They are coordinated surface-mediated self-assembly interactions with significant consequences



Conclusions
Small physico-chemical increments have significant bio-implications

Poorly characterized materials are useless for bio measurements

Simple measurements powerful if inputs are known
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Where we were 2 Years ago…

Two workshops held at NIST: 2003, 2005 

Over 150 attendees from industry, academia, 
and government

– How does one accurately measure the 
quality of a nanotube batch?

Species quantification critical to enable 
material optimization

Product developers need assurance that 
incoming materials are optimized

– How does one ensure sufficient 
dispersion for next-stage processing?

Propensity for agglomeration poses 
formidable challenges for processing

Nano-dispersion (isolation of individual 
tubes) critical for high-end nanofab-
electronics, opto-electronics, and 
sensors


