
Entry	  into	  and	  Poten-al	  Impacts	  of	  
Manufactured	  Nanomaterials	  in	  

Terrestrial	  Ecosystems	  
CalRecycle	  Used	  Oil/HHW	  2015	  

April	  7-‐10,	  2015	  	  

Patricia	  A.	  Holden,	  Ph.D.	  
Professor,	  Bren	  School	  

University	  of	  California,	  Santa	  Barbara	  

NSF:	  DBI-‐0830117	  



§  Data integration 
§  Pattern Recognition (heatmaps,  
     self –organizing etc) 
§  Machine Learning  
§   

Multimedia  Analysis 

In vivo 
toxicity 

Nanoparticle structural & 
physicochemical information 

§  Hazard ranking 
§  Risk profiling 
§  Exposure modeling 
§  Property-activity    
    relationships Fate 

& 
transport 

HTS 

Cell, embryo,  
biomolecules       

Predictive 
toxicology 

  MNM 
libraries 

UC CEIN Predictive and Multi-disciplinary Environmental Nanoscience 
NSF:	  EF-‐0830117	  



Main	  Points	  of	  this	  PresentaKon	  

•  Nanotechnology	  is	  here	  
•  Nanomaterials	  transport	  /	  distribute	  /	  
transform	  
– Terrestrial	  exposures	  possible	  

•  PotenKal	  outcomes:	  	  
– changed	  ecosystem	  services	  	  
–  trophic	  transfer	  
– effects	  on	  food	  supply	  

•  Moving	  forward:	  rapid	  screening	  for	  the	  
environment	  	  



Manufactured	  nanomaterials	  are	  used	  

(hUp://www.nanosysinc.com/#lcd-‐revoluKon)	  

Quantum	  dots	  in	  displays	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Metal	  oxides	  in	  coa-ngs	  

Nanosilver	  in	  tex-les	  

Nano-‐carbon	  in	  parts	  



Manufacturing Use 

Release /  
Deposition/
Disposal 
 

Release 

Waste treatment 

Environmental	  Exposure	  Pathways	  

Art by Allison Horst, CEIN Ph.D., as published in Chemical & Engineering News, March 14, 2011  

Effluent  
Biosolids 

Agriculture Water Resources 



WWTP 
effluent and 

biosolids 
  

(Keller and Lazareva, 2014. 
ES&T Letters)  



activated sludge in an aeration basin 



(Horst et al. 2010. AEM) 
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Nanomaterials	  in	  Biosolids	  

9 
(Kiser et al., ES&T, 2009) 



land	  applicaKon	  of	  biosolids	  



MulKmedia	  Model	  for	  Los	  Angeles	  
(hUp://nanoinfo.org/mendnano/)	  

Liu	  and	  Cohen,	  2014,	  ES&T	  

11	  



complex	  terrestrial	  interacKons	  w/	  MNMs	  

(from	  Holden,	  Nisbet,	  Lenihan,	  Miller,	  Cherr,	  Schimel,	  Gardea-‐Torresdey.	  2013.	  ACR)	  	  
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Predic-ve	  Terrestrial	  Ecological	  Nanotoxicology	  
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PREDICTIONS	   Klanjscek et al. 2012 PLoS One 
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Bacterial Population Growth Impacted in 
Environmentally-Representative Media  

with CeO2
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Microbial	  Popula-on	  Growth	  and	  Trophic	  Transfer	  

Mielke et al. 2013. Appl. Environ. Microbiol. 

Horst et al. 2010. Appl. Environ. Microbiol. 
T.	  thermophila	  

P.	  aeruginosa	   100	  mg/L	  TiO2	  



2 µm Werlin et al. 2011. Nat. Nano.  
CdSe QDs 

QD	  Cd	  

CdSe	  QDs:	  Biomagnifica-on	  	  
from	  Bacterial	  Prey	  	  
into	  Protozoan	  Predator	  



ZnO NPs were    
biotransformed 

Photo:	  G.	  de	  la	  Rosa	  

CeO2	  XAS	  results	  

CeO2	  remained	  	  
unchanged	  and	  
taken	  up	  in	  roots	  

?? 

Zn(OH)2?	  
Zn2+	  ?	  
ZnO	  

ZnO	  XAS	  results	  

Lopez-Moreno et al. 2010. ES&T. 
Lopez-Moreno et al. 2010. J. Ag. & Food Chem. 

Gardea-Torresdey  
(Univ. Texas- El Paso) 

Hydroponic	  soybean:	  ZnO	  and	  CeO2	  uptake	  
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ZnO and TiO2 Impact 
Soil Microbial Communities: 

Ge et al. 2011. ES&T. 
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Results:	  	  Plant	  Growth	  	  

nano-‐ZnO	  nano-‐CeO2	  

Priester et al. 2012. PNAS. 
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Control	   nano-‐CeO2	  

Priester et al. 2012. PNAS. 

Nano-‐CeO2:	  
Nodules	  
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Nano-‐ZnO:	  	  Leaves	  



Hernandez-Viezcas et al. 2013. ACS Nano.  

Priester et al. 2012. PNAS. 
Peralta-Videa et al. 2014.  
Plant Physiol. Biochem. 

0	  to	  1000	  ppm	   0	  to	  500	  ppm	  

SOYBEAN	  response	  to	  MOx:	  
•  metal	  uptake	  
•  CeO2	  NPs	  in	  beans	  and	  leaves	  
•  plant	  growth	  affected	  
•  nutriKonal	  quality	  altered	  
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“High”	  nodules:	  <20	  ppm	  	  Ce	  

Empty	  nodules	  w/o	  N2	  fixa-on	  poten-al	  



Holden et al. 2013 ACR;  
after Costanza et al. 1997 Nature 
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Bacterial	  Interac-ons	  with	  MNMs	  

•  Community	  biomass	  &	  diversity	  (Ge	  et	  al.	  EST,	  2011;AEM,	  2012)	  

–  could	  impact	  ecosystem	  funcKon	  	  (de	  Vries	  et	  al.,	  2013,	  PNAS)	  

•  Nutrient	  cycling	  reacKons	  catalyzed	  by	  bacteria	  (as	  above)	  
–  valuable	  ecosystem	  service	  (Costanza	  et	  al.,	  1997,	  Nature)	  

•  Transport	  (Horst	  et	  al.,	  2006,	  AEM)	  

•  Trophic	  transfer	  into	  food	  webs	  (Werlin	  et	  al,	  2011,	  Nat.	  
Nanotech.;	  Mielke	  et	  al.	  2013,	  AEM)	  

•  TransformaKon	  
–  e.g.	  if	  as	  e-‐	  acceptors	  (Gralnick	  and	  Newman,	  2007,	  Mol.	  Microbiol.)	  

(Holden,	  Schimel	  and	  Godwin,	  2014,	  Curr.	  Opin.	  Biotechnol.)	  



Bacterial	  Membrane	  

Cytoplasm	  
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ATP	  

NP	  

• Electron	  Transport	  Chain	  (ETC)	  	  
• Lyon	  &	  Alvarez.	  ES&T	  (2008)	  

• Membrane	  Poten-al	  (MP)	  
Lyon	  &	  Alvarez.	  ES&T	  (2008)	  

NP	  

ROS	  
H2O2	  
OH•	  
O2

-‐	  

	  

• Membrane	  Integrity	  (MI)	  
Priester	  et	  al.	  ES&T	  (2009),	  	  
Su	  et	  al.	  Biomaterials	  (2009)	  

• Reac-ve	  Oxygen	  Species	  (ROS)	  	  
Nel	  et	  al.	  Science	  (2006)	  
Priester	  et	  al.	  ES&T	  (2009)	  

Assays: stress/damage 

Allison Horst 

Bacterial	  HTS	  System	  
Relevant bacterial strain 

Dispersion protocols  

Priester et al., Analyst, 2014 
Horst, et al. J. Nanopart. Res. 2012,; Small.  2013 

Holden et al. Curr. Opin. Biotechnol. 2014 

Oligotrophic media 



(Priester et al., Analyst, 2014) 

Ag	  ions	  from	  nano-‐
Ag	  impair	  growth	  by	  

ROS-‐mediated	  
membrane	  damage	  

cysteine-‐capped	  nano-‐Ag	  
dissolu-on	  

bacterial	  growth	  

ROS	  and	  
membrane	  
integrity	  



Bacterial	  Popula-on	  Growth	  and	  Toxicity	  
Mechanism	  	  Modeling	  By	  	  

Dynamic	  Energy	  Budget	  (DEB)	  

Klanjscek et al. 2012, PLoS ONE 
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Klanjscek et al. 2013, Ecotoxicology 

(also	  Holden,	  Nisbet,	  Lenihan,	  Miller,	  Cherr,	  Schimel,	  Gardea-‐Torresdey.	  2013.	  ACR)	  	  



Zebrafish	  HTS	  →	  hazard	  ranking	  on	  24	  MOx’s	  
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Band	  Gap	  and	  Hydra-on	  Energy	  Explain	  
Bacterial	  Toxicity	  Across	  24	  MOx	  MNMs	  
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Moving	  Forward	  in	  Predic-ve	  Eco-‐Nanotox	  

25 nm 

MNMs	  

Holden et al. 2013. Acc. Chem. Res.; Holden et al. 2014. Curr. Opin. Biotechnol. 

Effects	  SCREENING	  

Hazard	  PREDICTIONS	  

“relevant”	  
Bacteria	  

Microcosms	   Mesocosm	  



Summary	  
•  Manufactured	  nanomaterials	  widely	  used	  
•  Environmental	  exposures	  predicted	  
•  Terrestrial	  compartments	  are	  desKnaKons	  
•  Plants,	  soil	  microbes,	  food,	  and	  biogeochemical	  
cycling	  may	  be	  impacted	  

•  Trophic	  transfer	  may	  be	  iniKated	  
•  Tiered	  approach	  for	  screening	  advocated,	  with	  
more	  complex	  systems	  tested	  infrequently	  

•  PredicKng	  	  desirable	  
•  Efforts	  are	  mulKdisciplinary	  
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