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Interdisciplinary Nanotoxicity CREST Center –  2008 
Ming Ju Huang and John Watts: “First-Principles Theoretical Description of Metal Clusters: 

Toward a Model of Metal Nanoparticles”  
Tigran Shahbazyan and Serguei Goupalov : “Environment-Specific Issues in Nanoparticle 

Physics: Optical, Energy Transfer and Relaxation Processes” 
Paresh Ray and Glake Hill:  “Nanomaterial Based Surface Energy Probe (NSET) for 

Detection of Toxic Heavy Nano Metal Ions from Environmental Samples” 
 

Huey-Min Hwang, Hongtao Yu and Paul 
Tchounwou: “Selecting Green Nanoparticles 
for Environmental Remidiation and 
Renewable Energy Applications”  
Jerzy Leszczynski and Danuta 
Leszczynska: ”Modeling and prediction of 
toxicity and physical properties of 
nanomaterials”  
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Total:      251 17 120 219 22,701,829 58 11 619,999 13 

2008:         50 3 32 60 3,266,738 10 1 25,000 3 

2009:         56 6 34 63 4,801,016 11 2 84,999 5 

2010:         72 3 28 41 6,920,483 14 3 225,000 2 

2011-12:     73 7 26 47 7,713,592 23 5 285,000 3 

             ICN Accomplishments (2008-2012) 

Non-governmental/Non-institutional awards 
include: 
*Universal Technology Corporation 
*United Technologies Research Center 
*Johns Hopkins University 
*Wright-Patterson Air Force Base (AFRL) 
* Medipacs  
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Governmental  Nanotechnology Funding  in  
Major  Economies 
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There are now tens of  thousands of  papers written every year on 
nanoscience and nanotechnology topics. And it appears the growth 
trend continues unabated. The European Union produce the most 
nanoscience/nanotechnology publications while China shows the 
fastest growth. 

Scientific Papers 

Nanotechnology publications in the Science Citation Index (SCI) (*China includes Taiwan). Source: The National 
Nanotechnology Initiative: Second Assessment and Recommendations of the National Nanotechnology Advisory Panel. 
April 2008 



Share of nanotechnology-related and all 

publications by country, 1991-2007 

The Figure includes the top 25 countries by the share of nanotechnology-related publications 1991-2007. 
Source: ISI Web of Knowledge, January 2008 



Number of nanotechnology-related publications and patents  

Source: ISI Web of Knowledge database, January 2008 



Share of patents by nanotechnology sub-areas, 1995-2005 

Source: OECD Patent database, January 2008 



Source: Project on Emerging Nanotechnologies 

Number of Consumer Products 
that Include Nano-based Components 



Nano-Scares 
 
Magic-Nano Controversy: 
• The aerosol form of Magic Nano, a glass/ceramic sealant, has been recalled in 

Germany in 2006. 
 

• Reason: Some customers were sickened by the aerosol and hospitalized? 
 

• Is there nano in side Magic-Nano? Not known. Trade Secret!!! 
 

• The Nanoethics Group, an nonpartisan research organization based in Santa 
Barbara, CA, said that the incident should be a "wake-up call" that the 
potential risks of nanotechnology are real and deserve more attention by both 
government and industry. "Historically, it takes something catastrophic, such 
as widespread injury from asbestos, for real action to be taken. This time, 
hopefully, we will be smarter than that and not wait for the other shoe to 
drop," said the group's research director, Patrick Lin. 
 

Sunscreen Controversy: 
• As per EPA findings, the nano-sized titanium dioxide particles found in 

sunscreens could cause brain damage in mice. 
13 



Donuts …and Solar cells  

Sugar + 
TiO2 



Nano:  How to Approach It 

Nanotechnology is a new science. Consequently, new knowledge is 
required to understand how novel materials may react with bio-molecules 
and participate in biological processes. 
 
Knowledge generation will be incremental and will take time but is 
worthwhile because it will lead to evidence-based decision making, safe 
design, and sustainability. 
 
New knowledge represents a multidisciplinary approach that demands a 
new ways of  scientific collaboration. 
 
Recognition of  the fact that we will have to make stepwise decisions as 
knowledge generation and data collection on commercial nano products 
proceed. 
 
Nano environmental awareness should be an integral part of  design of  
new nanomaterials, and not as a post facto add-on or imposed c1eanup 
cost. 



NANOMATERIALS: THE GOOD, THE BAD, THE  UGLY 

Good: 
• Nanorevolution 
• Over 1000 products incorporate nanomaterials 
• Projections:  $3.1 trillion in global manufactured goods 

by 2015; 58000 tons of nanomaterials  by 2020 

Bad: 
• Nanorevolution 
• Over 1000 products incorporate nanomaterials 
• Projections:  $3.1 trillion in global manufactured goods 

by 2015; 58000 tons of nanomaterials  by 2020 
  

 Ugly: 
• Unpredictable and possibly severe health and 

environmental effects of some nanomaterials 



 
 Challenges of Nanomaterials: 
Are we on the way to  
comprehend  their toxicity?   
 



Challenges 
• One needs to be able to predict the toxic 

effects of nanomaterials 
    … remembering toxicology is complex 

• One has to bring more chemistry into 
predictive toxicology 

• Efficient, predictive  computational chemistry 
methods should be developed and applied 

• Interactions between experimentalists are 
crucial 
 



Postulated mechanisms of NPs’ toxicity 

Effects on 
macro-

molecules 

Effects on 
membranes 

Effects on 
gene 

expression 

Effects on 
enzyme 
activity 

Physical 
effects of size 

and shape 

Surface 
reactivity 

Vector for 
other 

contaminants 

Release of 
NPs 

constituents 

Inflammatory 
response Other 

contaminants 

Linkov et al. (2009) J. Nanopart. Res. 11: 513-527.  
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Chemical Inventory and 
Toxicological Testing in USA 
•In USA, National Toxicology Program (NTP) is responsible to evaluate 
chemical agents having public health concern. 

•Other agencies e.g. Environmental Protection Agency (EPA) and 
National Institute of Occupational Safety and Health (NIOSH) also have 
an important role. 

•There are about 80000 chemicals currently registered in USA for 
commercial use. 

•Only 350 have undergone long-term and 70 short-term testing by NTP. 

•Testing of each bioassay costs $2-4 million and over 3 years to complete 
test. 

•Thus, in total about $160-320 billion and 240 thousand years total time 
will be needed to test chemicals currently in use. 

 



Why Computational Approaches are Vital? 

• Solving problems 
• Making predictions directly 
• Linking structure to properties and activities 
• Not requiring animal testing 
• Providing various levels of accuracy 
• Allowing to merge various approaches 
• Being fast and inexpensive 

 



Computational approaches 
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Basic concept of QSAR modeling 

y 

Endpoint 
(experimentally measured) Structural descriptors  

X 

y = f(X) 
(eg. y = b0+b1x1+b2x2) 

QSAR model 

? 
•Linear Regression (LR) 
•Multiple Linear Regression (MLR) 
•Partial Least Squares (PLS) 
•Artificial Neural Networks (ANN) 
• … 

•Dipole moment 
•Polarizability 
•HOMO, LUMO 
•Topological indexes 
•Number of specific 
atoms/groups 
•… 

•Activity (EC50) 
•Phys/Chem property (KOW, t1/2) 
•Retention parameters (tR) 
•Toxicity (LD50, LC50) 
•… 



The most challenging problems for Nano-QSAR 

1. Scarce and/or inconsistent empirical data and lack of 
conceptual frameworks for grouping NPs according 
to modes of toxicity and phys/chem properties 
 

2. Lack of appropriate descriptors able to express 
specificity of nano-structure 
 

3. Limited knowledge on the interactions between NPs 
and dispersants as well as biological systems (DNA, 
proteins, membranes etc.) 
 

4. Lack of rational structure-activity modeling 
procedures, taking into account size-dependent 
differences between the bulk and nanostructure 
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Experimentalists vs. QSAR modelers 
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Existing databases 



JRC NANOhub database 
(http://www.napira.eu) 
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JRC NANOhub database 
(http://www.napira.eu) 



The most challenging problems for Nano-QSAR 

1. Scarce and/or inconsistent empirical data and lack of 
conceptual frameworks for grouping NPs according 
to modes of toxicity and phys/chem properties 
 

2. Lack of appropriate descriptors able to express 
specificity of nano-structure  
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proteins, membranes etc.) 
 

4. Lack of rational structure-activity modeling 
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differences between the bulk and nanostructure 

 



Specific structural features of NPs 

Toxicity of NPs can be 
related to: 
 
• size 
• size distribution 
• agglomeration state 
• shape 
• porosity 
• surface area 
• chemical composition 
• structure-dependent electronic 

configuration 
• surface chemistry 
• surface charge 
• crystal structure 

 

Oberdörster et al. Particle and Fibre Toxicol. 2: 8. 



Calculating 3D descriptors based on  
the whole system 

 
a b 

c d 

# Structure HOMO-
LUMO 

gap  
[eV] 

IP  
[eV] 

EA  
[eV] 

a Fullerene C60 2.77 7.24 1.75 

b Disk C96 1.53 6.46 2.98 

c Capsule C144 1.25 6.72 3.46 

d Bowl C120H12 0.46 5.19 3.75 

Calculations performed at the Density 
Functional Theory (DFT) level: B3LYP/6-
31G(d) 

Shukla, Leszczynski (2006) Chem. Phys. Lett. 428: 317-320.  



Experimental techniques that can be 
used to obtain nano-descriptors 

 Abbreviations:  
 
• EM- electronic microscopy,  
• AFM - atomic force microscopy, 
• FFF- field flow filtration,  
• DLS - dynamic light scattering,  
• LC- liquid chromatography,  
• XRD - X-ray diffraction,  
• TEM - transmission electron 
        microscopy,  
• ICP-MS - inductively coupled 
        plasma mass spectrometry,  
• ICP-OES - inductively coupled  
        plasma emission spectroscopy, 
• EDX - energy dispersive X-ray  
        spectrometry,  
• ESEM - environmental scanning  
        electron microscopy. 

 

Haselov et al. (2008) Ecotoxicology 17: 344-361.  



The most challenging problems for Nano-QSAR 

1. Scarce and/or inconsistent empirical data and lack of 
conceptual frameworks for grouping NPs according 
to modes of toxicity and phys/chem properties 
 

2. Lack of appropriate descriptors able to express 
specificity of nano-structure  
 

3. Limited knowledge on the interactions between NPs 
and dispersants as well as biological systems (DNA, 
proteins, membranes etc.) 
 

4. Lack of rational structure-activity modeling 
procedures, taking into account size-dependent 
differences between the bulk and nanostructure 

 



Agglomeration and aggregation of NPs 

 
Jiang (2009) J. Nanopart. Res. 11: 77-89.  



Formation of protein coronas 
Lynch and Dawson (2008) Nano Today 3: 40-47.  
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M.Shukla, M.Dubey, E. Zakar J.Leszczynski, (2009), JPCC,113, 
3960. 



Interactions of G, GC and AT with C60 and SWNT 

M.Shukla, J.Leszczynski, (2009), CPL, 469, 27; ibid (2010), 493,126; ibid (2010), 496, 130 



Collaboration within „classic” QSAR 
studies 

 

QSAR Experimental toxicology 
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The most challenging problems for Nano-QSAR 

1. Scarce and/or inconsistent empirical data and lack of 
conceptual frameworks for grouping NPs according 
to modes of toxicity and phys/chem properties 
 

2. Lack of appropriate descriptors able to express 
specificity of nano-structure  
 

3. Limited knowledge on the interactions between NPs 
and dispersants as well as biological systems (DNA, 
proteins, membranes etc.) 
 

4. Lack of rational structure-activity modeling 
procedures, taking into account size-dependent 
differences between the bulk and nanostructure 

 



Data for „classic” QSAR and Nano-QSAR 
studies 
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Size-dependence of QM properties/descriptors [1] 

Batzill, Diebold (2005)  
Prog.Surf. Sci. 79, 47-1 

Scheme A: GAP, HOMO, LUMO, hardness, softness, electrophilicity  

Gajewicz et al. (2011) Nanosci. Nanotechnol. Asia 1, 53-58. 



Size-dependence of QM 
properties/descriptors [2] 

Scheme B: HOF, total energy, electronic energy, 
SAS, dipole moment  

Gajewicz et al. (2011) Nanosci. Nanotechnol. Asia 1, 53-58 



Preliminary QSAR model predicting cytotoxicity 
of nano-sized oxides particles to E. coli [1] 



Preliminary QSAR model predicting cytotoxicity 
of nano-sized oxides particles to E. coli [2] 

• 17 oxides NPs: ZnO, CuO, V2O3, Y2O3, Bi2O3, 
In2O3, Sb2O3, Al2O3, Fe2O3, SiO2, ZrO2, SnO2, TiO2, 
CoO, NiO,Cr2O3, La2O3 
 

• Empirical testing protocol:  
X. Hu et al. (2009) Sci. Total Environ. 407: 3070-
3072. 
  

• 12 electronic descriptors calculated at the semi-
empirical PM6 level 
 
 

Puzyn et al. (2011) Nature Nanotechnol. 6, 175-178. 



Preliminary QSAR model predicting cytotoxicity 
of nano-sized oxides particles to E. coli [3] 

n  = 10, ntest = 7,  
F = 45.4, p < 0.001,  

R2 = 0.85, Q2
CVLOO = 0.77,  

Q2
test = 0.83,  

RMSEC = 0.20, 
RMSECV = 0.24,  
RMSEP = 0.19 

Puzyn et al. (2011) Nature Nanotechnol. 6, 175-178. 



Postulated mechanisms of NPs’ toxicity 
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Linkov et al. (2009) J. Nanopart. Res. 11: 513-527.  





Thank you  
for your attention! 
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